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Abstract
A search for the neutral Higgs bosons predicted by the Minimal Supersymmetric Standard Model
(MSSM) is presented. The analysis is performed on data from proton-proton collisions at a centre-
of-mass energy of
√
s = 8 TeV at the Large Hadron Collider recorded by the ATLAS detector. The
data were collected in 2012, correspond to an integrated luminosity of 20.3fb−1 and represent the
full 8 TeV dataset. This search is performed in the ττ final state, with one τ lepton decaying
leptonically and the other hadronically. The analysis is optimized in three categories, addressing
low-mass Higgs bosons which are accompanied by a b-jet or not and high-mass Higgs bosons.
No deviations from Standard Model predictions are observed, and therefore no evidences of new
Higgs bosons are found. Exclusion limits are set on the cross-section times branching fraction of
the Higgs bosons and for parameters mA and tanβ of MSSM benchmark scenarios.
Kurzfassung
In dieser Arbeit wird die Suche nach neutralen Higgs-Bosonen im Rahmen des Minimalen Su-
persymmetrischen Standardmodells (MSSM) vorgestellt. Die Analyse basiert auf dem kompletten
Datensatz von Proton-Proton-Kollisionen des Large Hadron Colliders, LHC, die mit dem ATLAS-
Detektor bei einer Schwerpunktsenergie von
√
s= 8 TeV im Jahr 2012 aufgenommen wurden. Die
Daten entsprechen einer Luminosität 20.3fb−1. Die Suche fokussiert auf den ττ Endzustand, wo-
bei ein Tau-Lepton hadronisch zerfällt und das andere leptonisch, entweder in ein Elektron oder
in ein Muon. Die Analyse wurde in drei Kategorien optimiert, um sowohl für Higgs-Bosonen
im niedrigen Massenbereich von 90–200 GeV als auch im hohen Massenbereich von 200 GeV bis
1 TeV sensitiv zu sein. Der niedrige Massenbereich wurde dabei in zwei Unterkategorien geteilt,
entsprechend der Anwesenheit bzw. Abwesenheit von zusätzlichen, durch b-Quarks induzierten
Jets, um die Empfindlichkeit für spezielle Higgs-Boson-Produktionsmodi zu erhöhen. Im Rah-
men dieser Analyse wurden keine Hinweise auf neue Higgs-Bosonen gefunden und daher Aus-
schlußgrenzen auf σ(pp → Φ)×BR(Φ → ττ) gesetzt. Ebenfalls wurden die Resultate in MSSM-
Benchmark-Szenarien interpretiert.
v
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Chapter 1
Introduction
One of the great achievements in physics of the last 100 years was the progress in the understand-
ing of particles and their interactions. Everything in the universe is determined by these concepts,
whether it is the stability of atoms or the formation of galaxies. With the electron, the first par-
ticle was discovered by Thompson already in 1897. In 1904 Einstein recognized the photon as
a particle. Shortly after, the proton was discovered by Rutherford in 1914 and the neutron by
Chadwick in 1932 as well as the positron by Anderson, the antiparticle of the electron. The latter
one proved one of the fundamental symmetries in nature, the existing of particles and antiparticles
having the same mass and angular momentum but the opposite charge. In 1933 Pauli proposed
the neutrino, to conserve energy and angular momentum in the β decays. The first observation
of the electron neutrino was not before 1956. The first unstable particle, the muon, was already
observed in 1937. The picture was completed by the understanding, that proton and neutron are
not elementary particles but composed of quarks. Together with the leptons (electron, muon, tau
and their corresponding neutrinos), they are the fundamental constituents of particle physics.
Closely with these important observations fundamental theory concepts were developed in the
early 20th century: the theory of general relativity, quantum mechanics and quantum field theory,
which the latter having a large impact on understanding of the dynamics of particles. In the 1960s
and 70s the unified theory of the electromagnetic and weak interactions, the electro-weak theory,
was established and together with the Quantum Chromodynamics the Standard Model (SM) [1–3]
of particle physics was formed. It describes the matter content and all known interactions, except
gravity. This model has been verified in the succeeding years with impressive precisions, e.g.
noting the observations of the gauge bosons Z, W+ and W− or the verification of the strong inter-
actions. In 1964, Brout, Englert, Guralnik, Hagen, Higgs and Kibble described [4–8] a mechanism
where a massless gauge boson can acquire mass dynamically through a process of spontaneous
symmetry breaking. This concept predicts the existance of an additional particle, the Higgs boson.
The Large Hadron Collider (LHC) [9] is a proton-proton collider at CERN and collectively
with its experiments was built to addresses the open questions of the Standard Model, like the
search for the Higgs boson, or to find new physics beyond that proven model. On July 4, 2012
a Higgs boson with properties consistent with the SM predictions was discovered [10, 11] by the
ATLAS and CMS experiments at the LHC. This marked an amazing end of the long history of
developing and verification of the SM particle content and its underlying concepts.
Even though the SM is well established, it has difficulties to explain certain observations. For
example, it does not contain a particle suitable to account for cosmic dark matter, which is nec-
essary to understand the structure of the universe, and does not deliver concepts to address the
fine-tuning problem [12,13]. These issues can be solved by introducing the concept of Supersym-
metry [14], which doubles the particle degrees of freedom of the Standard Model by requiring
the existence of new partner particles for each of the known particles. Additionally it requires an
1
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extended Higgs sector. In the Minimal Supersymmetric Standard Model (MSSM) [15–17] five
physically observable Higgs bosons, three neutral and two charged ones, are proposed. In this
context, one of these five particles must be identified as the observed Standard Model-like Higgs
boson. In many MSSM benchmark scenarios, the decay of the Higgs bosons into a pair of tau
leptons is favoured, which put this search channel to a high interest.
In this thesis, a search for neutral Higgs bosons of the MSSM decaying into a pair of tau
leptons is presented. This work focuses on the semi-leptonic decay channel, where one tau lepton
is decaying leptonically and the other hadronically. The search covers a mass range between
90 GeV and 1 TeV and addresses Higgs boson production via gluon-fusion and in association
with b-quarks. The analysis is conducted using proton-proton collisions produced by the LHC at
a centre-of-mass energy of 8 TeV and collected by the ATLAS experiment in 2012.
The thesis is organized as follows:
Chapter 2 presents the theoretical foundations of particle physics including a description of
the Standard Model, the Higgs mechanism and the relevant parts of Supersymmetry with their
minimal extension of the SM.
Chapter 3 gives a short overview of the discovery of the Standard Model Higgs boson and the
current (till this analysis) experimental status of searches for neutral MSSM Higgs bosons.
Chapter 4 introduces the Large Hadron Collider and the ATLAS detector.
Chapter 5 describes the main reconstruction techniques of particles used in this analysis.
Chapter 6 explains in detail the tau lepton reconstruction procedure and identification algorithm.
Chapter 7 outlines the topology of the different background processes which can mimic the
signature of the signal processes. An introduction into the embedding technique used for the
Z → ττ background samples is presented.
Chapter 8 gives a brief overview of the recorded data as well as Monte Carlo samples used in the
analysis, including details about event generators and detector simulation.
Chapter 9 describes the event selection process including the applied criteria. The analysis
categories are introduced and details about the mass reconstruction algorithm is given.
Chapter 10 explains the data-driven and MC-based background estimation procedures for all
relevant background processes.
Chapter 11 summarizes the experimental and theoretical systematic uncertainties considered in
the analysis.
Chapter 12 gives an overview about the results of the analysis and discuss the statistical
techniques used to obtain the exclusion limits. Further the status of 8 TeV MSSM Higgs boson
searches at ATLAS and CMS are presented.
Chapter 13 concludes with a summary of the presented work and briefs about ongoing searches
and the future of the analysis.
2
Chapter 2
Theoretical Foundations
2.1 The Standard Model
2.1.1 Overview
All known fundamental particles and their interactions are described by the Standard Model (SM)
of particle physics. The Standard Model is a relativistic quantum field theory based on the lo-
cal gauge symmetry group SU(3)C ×SU(2)L ×U(1)Y and provides the theoretical framework to
describe three of the four known forces of Nature1 [1–3, 18, 19]. In this theory a free fermion is
described by a Lagrangian, which is invariant under gauge transformation of the fermion field. A
global gauge transformation leads to conservation of quantum numbers, while local gauge trans-
formation introduce new quantum fields, which can be identified with the gauge bosons.
The strong interaction is described by Quantum Chromo-Dynamics (QCD) based on the gauge
symmetry group SU(3)C [20–24]. It is associated with the color charge. The electromagnetic
force and weak force is described by the electroweak theory proposed by Glashow, Salam and
Weinberg. It is based on the gauge symmetry group SU(2)L ×U(1)Y and connected to the weak
hypercharge Y and the weak isospin I. The fundamental particles can be arranged depending on
their spin measured in units of h̄. Matter is build up of fermions carrying spin of 1/2 and divided
into leptons and quarks, where the quarks take part in the strong interaction, while the leptons
can not. As currently known, the fermions are structureless at smallest distances. Leptons and
quarks are arranged in three generations and each fermion as a corresponding anti-particle, having
opposite charges. All fermions are listed in Table 2.1 together with their corresponding mass and
associated charges. The atoms and therefore all the visible matter in the universe are only made
up of the first generation of leptons and quarks. The second and third generations can only be
produced in cosmic radiation, particle accelerators or during the evolution of the universe.
Each interaction is mediated by gauge bosons, carrying spin of 1. Gluons, massless particles
carrying a colour-charge, are the gauge bosons of the strong interaction. Due to this charge the
gluon can interact with other gluons, leading to the effective range of the strong interaction. Color
charged particles can not exist as free particles (confinement). Hence, bound states of quarks –
mesons, consisting of a quark-anti-quark pair and hadrons, consisting of three quarks – have no
color charge. If two quarks are separated from each other, their mutual potential energy increases
so much that the energy stored in the potential converts into a new qq̄ – pair. The quarks bind into
hadrons, which mostly emerge in quite well-collimated jets. In contrast, at small distances of about
nucleon diameters quarks can be seen as non-interacting particles (asymptotic freedom). The weak
interaction is mediated by two electric charged W± bosons and one neutral Z boson. All of them
1The gravitational force is not described by the Standard Model. However, at LHC energy scales the gravity can be
neglected.
3
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are massive with mW± = (80.385±0.015) GeV [25] and mZ = (91.1876±0.0021) GeV [25] and
not stable. The gauge boson of the electromagnetic interaction is the photon and couples to the
electric charge, but carries no electric charge. The photon can not self-interact (at tree level) and
to preserve local gauge symmetry it has no mass. Both properties are resulting in an infinite range
of the electromagnetic interaction. The interactions and the corresponding gauge bosons can be
found in Table 2.2.
Generation Particle Electric Charge / e Mass / GeV
I
νe electron neutrino 0 —
e− electron −1 0.511×10−3
u up quark 2/3 1.5 – 3.3×10−3
d down quark −1/3 3.5 – 6.0×10−3
II
νµ muon neutrino 0 —
µ− muon −1 105.66×10−3
c charm quark 2/3 1.27
s strange quark −1/3 104×10−3
III
ντ tau neutrino 0 —
τ− tau lepton −1 1.777
t top quark 2/3 171.2
b bottom quark −1/3 4.2
Table 2.1: Fundamental fermions [25]
Interaction Effective Range / m Gauge Boson Mass / GeV
Electromagnetic ∞ γ Photon < 10−27
Weak ∼ 10−18 W
± W-boson 80.40
Z Z-boson 91.19
Strong < 10−15 g Gluon 0
Table 2.2: Fundamental interactions [25]
2.1.2 Strong and Electroweak Interactions
The system of interactions and particles can be described by the Lagrangian density L. It consists
of two kind of fields, matter fields and gauge fields.
Quarks and leptons are described by the matter fields ΨL,R =
1
2(1∓ γ5)Ψ, differentiated be-
tween left-handed and right-handed fields to account for the parity violation of the weak interac-
tion. The left-handed fermions are arranged in weak isospin doublets
ΨL =

νe
e−

L
,

νµ
µ−

L
,

ντ
τ−

L
,

u
d

L
,

c
s

L
,

t
b

L
, (2.1)
while the fields for right-handed fermions are singlets
ΨR = (e
−)R,(µ
−)R,(τ
−)R,(u)R,(d)R,(c)R,(s)R,(t)R,(b)R.
2 (2.2)
2Neutrinos may also exist as right-handed states in case they are massive. However, they may also obtain mass by
Majorana mass terms.
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The third component of the weak isospin I3 for those fields is defined as I
L
3 = ±12 and I
r
3 = 0.
Together with the electric charge Q the fermion hypercharge is given by Y = 2Q−2I3.
The interactions mediated by the gauge bosons are described by the gauge fields. The elec-
troweak interaction is associated to the field Bµ and the fields W
1,2,3
µ , which correspond to the
generators of the symmetry groups U(1)Y and SU(2)L, respectively. Because the strong interac-
tion is based on SU(3)C, that have eight generators, also an octet of gluon fields G
1,...,8
µ exist. The
field strengths are given by
Bµν = ∂µBν −∂νBµ (2.3)
W aµν = ∂µW
a
ν −∂νW
a
µ +g2ε
abcW bµW
c
ν (2.4)
Gaµν = ∂µG
a
ν −∂νG
a
µ +gs f
abcGbµG
c
ν , (2.5)
where εabc is the antisymmetric tensor, f abc the SU(3)C structure constants, g1 (appear in next
equation), g2 and gs the coupling constants of U(1)Y, SU(2)L and SU(3)C.
The matter fields are now coupled to the gauge fields using the covariant derivative
Dµ = ∂µ − igsTaG
a
µ − ig2IaW
a
µ − ig1Y Bµ (2.6)
leading to the Lagrangian of the Standard Model
LSM =−
1
4
GaµνG
µν
a −
1
4
W aµνW
µν
a −
1
4
BaµνB
µν
a +∑
f
ψ f iDµγ
µ
ψ f . (2.7)
In this equation, the first three terms are the kinetic energies and self-interactions of gauge fields,
while the last term is a sum over all left- and right-handed fermions and describe their kinetic
energy and coupling to the gauge bosons. In the electroweak sector W and B are not the physical
observed fields, however they mix to form four observable states:
W±µ =
1√
2
(W 1µ ∓ iW
2
µ ) (2.8)
Zµ = cosθWW
3
µ − sinθW Bµ (2.9)
Aµ = sinθWW
3
µ − cosθW Bµ , (2.10)
being θW the electroweak mixing angle (also called Weinberg angle) and defined as
tanθW =
g1
g2
. (2.11)
The SM Lagrangian given in Equation 2.7 is invariant under local gauge transformations of
SU(3)C ×SU(2)L ×U(1)Y. All fermions as well as the gauge bosons are still massless, which
contradicts experimental observations. In the strong interactions mass terms for fermions can be
introduced in an SU(3)C gauge invariant way, while the gluons are massless.
In electroweak interactions explicit mass terms for gauge bosons lead to a violation of gauge
invariance, while mass terms for fermions can not be added in a way being invariant under isospin
transformation due to their doublet-singlet structure.
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Φ1Φ2
0
VHΦL
Figure 2.1: Sketch of the Higgs potential
2.1.3 Higgs Mechanism
In the Standard Model described above all particles are massless, but obviously in nature they are
not [25]. The particles must acquire a mass in some way that does not break the gauge symmetries.
It is assumed, that a suitable scalar “Higgs”– field exists, following ideas of Higgs, Englert, Brout
and others [4–8,26]. This new field has a potential which at the ground state breaks the symmetry
spontaneously. The Higgs field Φ is a scalar field, composed as a complex isospin doublet of four
scalar fields [27, 28]
Φ =

φ
+
φ
0

=
1√
2

φ1 − iφ2
φ3 − iφ4

. (2.12)
The Lagrangian part of that scalar field can be written as
LS = (D
µ
Φ)†(DµΦ)−µ
2
Φ
†
Φ−λ (Φ†Φ)2 (2.13)
using the covariant derivative Dµ = ∂µ − ig2IaW
a
µ − ig1Y Bµ from 2.6 ignoring the strong interac-
tion part. The last two terms forms the Higgs potential with two free theory parameters µ2 and λ :
V (Φ) = µ2Φ†Φ+λ (Φ†Φ). (2.14)
In case of both parameters being positive, the potential has only positive solutions as well and a
minimum at ⟨0|Φ|0⟩ ≡ ⟨Φ⟩0 = 0. For µ
2 < 0, the minimum of the potential is calculated to
⟨Φ⟩0 =
−µ2
λ
≡ v2, (2.15)
where v is the vacuum expectation value of the scalar field. The Higgs potential is shown in Fig-
ure 2.1.
Fluctuations around the vacuum expectation value can be parametrised at first order by a scalar
field H. Using the unitary gauge three of the four fields in the complex doublet can be eliminated.
Thus the Higgs field can be written as:
Φ =
1√
2

0
v+H

. (2.16)
The remaining field H can be identified with the Higgs boson.
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The boson masses can be generated by expanding the kinematic term of the Lagrangian of the
Higgs field in Equation 2.13 using 2.16 at the ground state and substitute the non-physical bosons
fields with their mass eigenstates given in Equations 2.8 and 2.9, 2.10 [28, 29]. The mass terms
are then calculated to
MW =
1
2
vg2
MZ =
1
2
v

g22 +g
2
1
MA = 0
(2.17)
with the photon remaining massless. Using the weak mixing angle 2.11 a relation between W±
mass and Z mass can be found as
MW
MZ
= cosθW . (2.18)
A missing part are still the masses of the fermions. The Lagrangian in Equation 2.7 can not be
extend with a mass term of −mΨΨ to preserve gauge invariance. However, the same Higgs doublet
used to generate the boson masses can be taken to give masses to the fermions. For that case a
new term (so-called Yukawa Lagrangian) is introduced being invariant under SU(2)L ×U(1)Y,
LYuk = ∑
f
−λ f ΨLΦΨR +h.c. (2.19)
After spontaneous symmetry breaking using the Higgs field 2.12, the fermion masses are calcu-
lated to
m f =
λ f v√
2
(2.20)
and being proportional to the Higgs boson coupling.
As described above a new boson H, called Higgs boson, arise in case the Higgs field is excited
around the ground state. Using Equations 2.13 and 2.14, 2.15, 2.16 the Lagrangian of the Higgs
field can be written as
LH =
1
2
(∂µH)(∂
µH)−V
=
1
2
(∂ µH)2 −λv2H2 −λvH3 − λ
4
H4.
(2.21)
The Higgs mass is then derived as
MH = v
√
2λ . (2.22)
The ground state of the Higgs field, the vacuum expectation value, can be expressed using the
Fermi constant GF that can be measured in muon decays, and therefore a value can be assigned:
v =
1
(
√
2GF)
1/2 ≃ 246 GeV. (2.23)
2.2 The Minimal Supersymmetric Standard Model
2.2.1 Motivation
The Standard Model as described gives almost a consistent picture of the known particles and
forces in nature. However it still has deficits explaining important theoretical considerations as
well as experimental data [30, 31]. In the current model the electroweak and strong interactions
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are described using three aforementioned gauge groups each having a different coupling constant.
Grand Unified Theories (GUT) provide a more fundamental framework to describe the interactions
into one single gauge group with only one coupling constant showing up at a certain (very high)
energy scale (GUT scale). However, it is not possible within the SM to unify the couplings at this
scale. Another problem in the SM is that divergences appear in the calculation of the Higgs mass
squared when radiative corrections are taken into account. A cut-off scale Λ is introduced up to
which the theory is valid. New Physics is assumed to appear beyond that scale [32]. Though, cal-
culations show that having a Higgs boson mass around the vacuum expectation value O(v) (which
is consistent with the observed Higgs mass of mH = 126 GeV) and Λ being at the GUT scale,
theory parameters have to be fine-tuned at very high precision. That seems to violate naturalness
and leads to the ‘fine-tuning’ problem [12]. The ‘hierarchy’ problem is related to the question why
the cut-off scale Λ is calculated to very high values usually around the Planck scale (1018 GeV),
while the electroweak symmetry breaking occurs at v ∼ 246 GeV [30]. In the field of astronomy,
from experimental point-of-view, also a candidate for Dark Matter is needed [13]. Observations
indicate a large contribution of non-luminous, non-baryonic matter to the energy density of the
Universe. This requires a new stable, massive and electrically neutral particle the SM can not
provide. All of these problems call for New Physics beyond the Standard Model and needs to be
addressed by a new theory.
2.2.2 Supersymmetry
Supersymmetry (SUSY) [12] is an extension of the Standard Model and predicts new partners to
the SM particles with spin differing by 1/2. This is achieved by a new symmetry, which performs
a transformation between fermions and bosons. The particle content of SUSY is grouped into
so-called supermultiplets, each of them containing both fermion and boson states, which are su-
perpartners of each other. Because the number of fermion and boson degrees of freedom must be
equal in the supermultiplet, the simplest way of constructing such multiplet is by using a fermion
with two spin helicity states (Weyl fermion) and a complex scalar field. Such supermultiplet is
called a chiral or scalar multiplet. The fermionic partners of the gauge bosons are called gauginos
and combined together in a gauge or vector supermultiplet. In an exact SUSY theory the super-
partners only differ in spin, sharing the same particle properties as electric charges, weak isospin,
color degrees of freedom, and mass. However, while the SM particle content is fully explored,
SUSY particles are not yet experimental observed. This indicates that supersymmetric theories
are not exact and the underlying symmetry is a broken symmetry, leading to masses outside the
observable boundaries.
2.2.3 Minimal Supersymmetric Extension of the Standard Model
In a supersymmetric extension of the Standard Model [12] all fundamental particles are part of
either a chiral or gauge supermultiplet. The spin-0 partners of the fermions are called sfermions
(squarks, sleptons), while the spin-1/2 superpartners of the bosons are labelled with a suffix ‘-ino’
(Wino, gluino, higgsino). Since the Standard Model Higgs boson is a scalar it reside in a chiral
supermultiplet. To avoid gauge anomalies and give masses to the up-type and down-type fermions,
one Higgs supermultiplet is not sufficient. In fact two Higgs supermultiplets are necessary, lead-
ing to an increase of the number of spin-0 Higgs bosons. The Minimal Supersymmetric Standard
Model (MSSM) [14–17, 33, 34] is the most straightforward extension of the Standard Model as-
suming the same gauge group, minimal particle content (SM + their superpartners), two Higgs
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doublets and conservation of R-parity3. As mentioned SUSY is a broken symmetry. In order to
break SUSY explicitly additional terms are added to the Lagrangian, called ”soft” SUSY-breaking
terms. Thus, the Lagrangian of the MSSM can written as [12]:
LMSSM = LSUSY +Lso f t . (2.24)
The gauge and Yukawa interactions are contained in the first term that also preserve supersymme-
try invariance. Lso f t encapsulate all terms responsible for the mass splitting, violates supersym-
metry but maintain the cancellation of divergent radiative corrections of the Higgs mass.
2.2.4 Higgs Sector of the MSSM
The Higgs Sector of the MSSM can be developed [12, 30, 31] in the same way as in the SM. As
explained in 2.1.3 there are four degrees of freedom in the Higgs doublet where three of them give
masses to the vector bosons W± and Z, while the fourth is identified with the neutral Higgs boson.
As previously mentioned we need two doublets of complex scalar fields to introduce electroweak
symmetry breaking in the MSSM. Both fields have opposite hypercharge and separate vacuum
expectation values can be calculated for the neutral components:
Φu =

φ
+
u
φ
0
u

, Y = 1, ⟨φ 0u ⟩=
vu√
2
Φd =

φ
0
d
φ
−
d

, Y =−1, ⟨φ 0d ⟩=
vd√
2
.
(2.25)
This results in 8 degrees of freedom. Again, three of them can be eliminated by the unitary gauge,
corresponding to giving mass to W± and Z. To obtain the masses of the remaining five states
of the Higgs fields, the two complex scalar doublets needs to be expanded about their vacuum
expectation values:
Φu =

φ
+
u
vu +φ
0
u + iξ
0
u

Φd =

vd +φ
0
d + iξ
0
d
φ
−
d

.
(2.26)
The real parts correspond to the CP-even Higgs bosons and the imaginary parts to the CP-odd
Higgs bosons as well as one Goldstone boson. The mass eigenstates of the Higgs field are obtained
as a mixture of those fields 
G±
H±

=

cosβ sinβ
−sinβ cosβ

φ
±
u
φ
±
d


G
A

=

cosβ sinβ
−sinβ cosβ

ξ
0
u
ξ
0
d


H
h

=

cosα sinα
−sinα cosα

φ
0
u
φ
0
d
 (2.27)
with three massless Goldstone bosons G±, G, and five massive Higgs bosons: two charged bosons
H±, two neutral CP-even bosons h, H and one neutral CP-odd Higgs boson A4. The mixing angle
3R-parity is a quantum number defined for each particle as PR = (−1)
3(B−L)+2s, with s being the spin and B(L) the
baryon(lepton) number of the particle. All Standard Model particles have even R-parity (+1), while a odd R-parity (-1)
is assigned to the superpartners [12].
4For the sake of simplification the neutral states h0,H0,A0 are referred as h,H,A.
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Figure 2.2: Mass of MSSM Higgs bosons as function of MA for two tanβ values. The theory
parameters are chosen in a way that mh is maximized [30].
β is defined as the ratio of the vacuum expectation values
tanβ =
vu
vd
=
(vsinβ )
(vcosβ )
, 0 ≤ β ≤ π
2
(2.28)
where the mixingle angle α is given at tree level by
α =
1
2
arctan

tan2β
M2A +M
2
Z
M2A −M
2
Z

, −π
2
≤ α ≤ 0. (2.29)
The MSSM Higgs sector is therefore described by six parameters, the masses of the Higgs Bosons
Mh,H,A,H± and the two mixing angles α,β . At tree-level the parameter space can be further reduced
by considering constraints on the supersymmetric Lagrangian and the diagonalization of the mass
matrices [30, 31] leading to Higgs bosons masses at tree level of
M2H± = M
2
A +M
2
W
M2h,H =
1
2

M2A +M
2
Z ∓

(M2A +M
2
Z)
2 −4M2AM
2
Z cos
2 2β

.
(2.30)
Taking Equation 2.29 into account, the MSSM Higgs sector has - beside MZ - only two free pa-
rameters at tree-level, usually taken as tanβ and MA. As derived from Equation 2.30 one of the
CP-even Higgs boson is nearly degenerated in mass at large MA, while the other is independent
of it. Radiative corrections have to be considered for Mh dominated by top and stop loop con-
tributions to the mass-matrix, that do not cancel completely due to the broken nature of SUSY.
These corrections increased the upper limit of Mh beyond MZ to Mh ≲ 135 GeV. The masses of
the MSSM Higgs bosons are shown in Figure 2.2.
The mass of the gauge bosons and fermions can be expressed by the vacuum expectations
values similar as in Equation 2.17 and Equation 2.20 for the SM case using v =

v2u + v
2
d and the
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Φ gΦūu gΦd̄d gΦVV
h cosα/sinβ −sinα/cosβ sin(β −α)
H sinα/sinβ cosα/cosβ cos(β −α)
A cotβ cotβ 0
Table 2.3: Couplings of the neutral Higgs bosons to up- and down-type fermions and gauge bosons
compared to the SM Higgs couplings. Note, the couplings of the charged Higgs bosons to fermions
are same as for A.
Figure 2.3: Branching ratio of the lightest MSSM Higgs boson h as function of MA for tanβ = 10.
The theory parameters are chosen in a way that mh is maximized [35].
Yukawa-couplings λl,λu,λd :
MW =
g
2

v2u + v
2
d
MZ =
1
2

(g2 +g′2)(v2u + v
2
d)
mu =
vu√
2
λu, md =
vd√
2
λd , ml =
vd√
2
λl.
(2.31)
The resulting branching ratios of the MSSM Higgs bosons to fermions and gauge bosons is
shown in Table 2.3. While the decay to gauge boson pairs is dominant for high masses of SM-like
Higgs bosons, it is suppressed in the MSSM for h and H and even absent at tree-level for the
CP-odd A due to CP conservation. The couplings to up-type fermions are suppressed in the high
tanβ parameter space but down-type couplings dominate for over a large MA region. Therefore
the decay to bottom quarks and tau leptons is enhanced in the MSSM. The branching ratio of h0 is
visualized in Figure 2.3. In the region of large MA and tanβ the h couplings are similar to the SM
Higgs boson (called‘decoupling regime’), while for small MA the couplings of H0 are SM-like.
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2.2.5 MSSM Higgs Boson Production at the LHC
The production mechanisms of the MSSM Higgs bosons5 depend heavily on the values of
tanβ [36]. For small and moderate values of tanβ the gluon-fusion process gg → h,H,A is the
dominant production mechanism of neutral MSSM Higgs bosons (Figure 2.4,left). The gluon-
fusion process is realized via top and bottom loops, but stop and sbottom squarks may enter the
production process for h and H in case they are not too heavy. Higgs boson radiation of bottom
quarks (so-called ‘b-associated production’) qq̄/gg → bb̄+h,H,A is the main production process
for neutral Higgs bosons in the case of large values of tanβ (Figure 2.4,center and right). Other
production mechanism as vector-boson fusion, Higgs-strahlung of gauge bosons or top-associated
production are contributing significantly to the total Higgs boson cross section only in specific
parameter regions.
g
g
h/H/A
g
g b̄
b
h/H/A
g
b
b
h/H/A
Figure 2.4: Feynman diagram at lowest order for the gluon-fusion (left) and for the b-associated
(center and right) production process of neutral MSSM Higgs bosons [37].
2.2.6 Benchmark Scenarios
As explained, the MSSM Higgs sector can be described at lowest order with two input parame-
ters, usually chosen as tanβ and MA. The mixing angles of the Higgs bosons and their masses
can be predicted using these parameters. This assumption holds only until high-order (‘radiative’)
corrections are taken into account, needed for a reliable description of the theory. Especially cor-
rections involving masses and couplings of bottom and top quarks as well as their superpartners
have an large impact on the tree-level predictions and introduce a dependence on many free SUSY
parameters of the MSSM. For the sake of comparison with other models and to reduce the amount
of parameters experimental searches have to handle with, the parameters are set to certain bench-
mark values. A set of fixed values is defining a single benchmark scenario. Important parameters
are the top quark mass mt, squark masses of the third generation, called MSUSY, where soft SUSY
breaking appears, the Higgsino (µ) and gluino (Mg) mass parameter as well as the gaugino SU(2)
and U(1) mass parameters, M2 and M1, respectively, the stop, sbottom and stau trilinear Higgs
couplings (At,Ab,Aτ ) and the stop mass mixing parameter Xt obtained in the on-shell (OS) renor-
malization scheme and MS scheme.
In this thesis in particular the mmaxh and m
mod±
h scenarios [38] are used to interpret the data. In
the mmaxh scenario the parameters are set to maximize Mh and can be used to derive conservative
lower bounds on MA, MH± and tanβ . To allow the interpretation of the boson observed in 2012
at mh ≈ 125 GeV as the lightest CP-even Higgs h
0, the mmaxh scenario is modified in a way to
reduce the amount of mixing in the stop sector leading to increased contributions to Mh. These
scenarios are referred as mmod+h and m
mod−
h . The parameters of the scenarios are listed in Table 2.4.
5Because this thesis is about neutral MSSM Higgs boson search, charged MSSM Higgs bosons are not further
considered from now on if not explicitly mentioned.
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The Figure 2.5 depicts the allowed and excluded regions in the MA – tanβ planes of the m
max
h ,
mmod+h and m
mod−
h benchmark scenarios. A detailed overview of common benchmark scenarios
can be found in [39].
parameter mmaxh m
mod+
h m
mod−
h
mt 173.2 GeV
MSUSY 1000 GeV
µ 200 GeV
M2 200 GeV
couplings Ab = Aτ = At
Mg 1500 GeV
MI3 1000 GeV
XOSt 2MSUSY 1.5MSUSY −1.9MSUSY
XMSt
√
6MSUSY 1.6MSUSY −2.2MSUSY
Table 2.4: Parameters of MSSM Higgs benchmark scenarios used in this thesis [39].
Figure 2.5: The MA – tanβ plane in the m
max
h (left), m
mod+
h (center) and m
mod−
h (right) scenario,
showing the excluded regions from direct Higgs searches at LEP (blue) and the LHC at time prior
performing the search described in this thesis (solid red). The two green shades correspond to the
parameters for which Mh = 125.5±2(3) GeV is interpreted as the observed boson [39].
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Chapter 3
Current Experimental Status of
(MSSM) Higgs Boson Searches
3.1 Discovery of a Higgs Boson
The discovery of a scalar particle at the Large Hadron Collider (LHC) was announced on July, 4th
2012 by ATLAS [10] and CMS [11]. The observation of the ATLAS collaboration was achieved
by using about 4.8fb−1 of
√
s = 7 TeV and about 5.9fb−1 of 8 TeV data collected in 2011 and
2012, respectively. Individual searches in different channels were performed. Results of searches
for H → ZZ∗, WW ∗, bb̄ and τ+τ− and improved analyses of the H → ZZ∗ → 4l and H → γγ
channels in the 7 TeV data were combined with new searches H → ZZ∗ → 4l, H → γγ and H →
WW ∗ → eνµν in the 8 TeV data. An excess at 126±0.4(stat.)±0.4(sys.) GeV was observed with
a local significance of 5.9σ [10]. The results of the CMS experiment is based on data samples
corresponding to integrated luminosities of up to 5.1fb−1 at 7 TeV and 5.3fb−1 at 8 TeV and
performing searches in the five decay modes γγ , ZZ∗, WW ∗, τ+τ−, and bb̄ [11]. They observed an
excess with a local significance of 5.0σ at 125.3±0.4(stat.)±0.5(sys.) GeV at around the same
mass as ATLAS. The observed and expected significance as well as best-fit signal strength known
at this time is shown in Figure 3.1.
After the discovery of the SM-like Higgs boson experimental studies of the properties were
performed [40–43]. The mass of the Higgs boson was measured to be 125.36± 0.37(stat.)±
0.18(sys.) GeV [40]. The signal strength at this mass is 1.18±0.10(stat.)±0.07(sys.)+0.08−0.07(theo)
and is in agreement with the Standard Model hypothesis [41]. The measurements provides evi-
dence for the JP = 0+ nature of the Higgs boson being consistent with the SM predictions [42]. In
Figure 3.2 the alternative spin-parity hypotheses and the updated signal strength is presented.
3.2 Searches for Neutral MSSM Higgs Bosons
Despite of the discovery of a scalar particle with properties measured to be consistent with a SM
Higgs boson, it remains possible that this boson is part of an extended scalar sector [30, 44, 45].
The Higgs sector of the MSSM as described in Chapter 2.2 contains two Higgs doublets. The
lightest neutral CP-even boson h has similar properties to the observed SM-like Higgs boson and
the obtained mass of 125.36 GeV. To fix the light CP-even Higgs mass to about 126 GeV addi-
tional MSSM benchmark scenarios (for details see Chapter 2.2.6) are defined [38]. This Thesis
will focus on the mmaxh and m
mod±
h scenarios to interpret the data, however, many other theo-
retical interpretations beyond these scenarios are available being compatible with the observed
particle [44, 46].
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Figure 3.1: Left: The observed (solid line) and expected (dashed line) local p0 as a function of
the SM Higgs boson mass mH in the low mass range. An excess with a local significance of 5.9σ
at 126± 0.4(stat.)± 0.4(sys.) GeV was observed. The results are obtained by a combination of
searches by the ATLAS collaboration [10].
Right: The observed best-fit signal strength σ/σ(SM) as a function of the Higgs mass mH in the
low mass range obtained by analyses performed by the CMS collaboration. They observed an
excess with a local significance of 5.0σ at 125.3±0.4(stat.)±0.5(sys.) GeV [11].
As described in Chapter 2.2.4, the Higgs boson decay to bottom quarks and tau leptons is
enhanced for large tanβ values in the MSSM sector. Due to this, searches for neutral MSSM Higgs
bosons are favoured to be done in the τ+τ− or bb̄ final states. Prior to LHC times, notable searches
were performed at LEP [47] and Tevatron [48], set constraints on the MSSM limits, but showed
no evidence for (MSSM) Higgs bosons. At LHC, analyses using 7 TeV data were conducted
to explore the MSSM neutral Higgs sector. Searches at ATLAS in the µµ , τeτµ , τlepτhad and
τhadτhad final states [49, 50] showed no significant excess above background-only expectation.
The exclusion of parameter space was significantly increased in comparison to previous searches.
The CMS experiment presented an analysis based on τeτµ and τlepτhad final states, achieving
similar results [51] like ATLAS. No evidence was further reported by LHCb [52]. The exclusion
limits on the MA – tanβ parameter space and MSSM higgs cross section using 7 TeV LHC data is
shown Figure 3.3.
Updated results of the search for neutral Higgs bosons of the MSSM with
√
s = 8 TeV LHC
data are available from CMS [53] and ATLAS [37]. They will be discussed in Chapter 12.2.4,
because the analysis presented in this thesis was done as part of the ATLAS analysis.
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Figure 3.2: Left: Expected (blue triangles/dashed lines) and observed (black circles/solid lines)
confidence level (CLs) for alternative spin-parity hypotheses assuming a JP = 0+ signal. The mea-
surements provides evidence for the spin-0 nature with positive parity of the Higgs boson [42].
Right:The observed signal strengths and uncertainties for different Higgs boson decay channels
and their combination for mH = 125.36 GeV. Higgs boson signals corresponding to the same de-
cay channel are combined together for all analyses, assuming SM values for the cross-section ra-
tios of different production processes. The best-fit values are shown by the solid vertical lines [41].
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Figure 3.3: Left: The plot presents the 95% confidence levels for the expected limit and the
observed limit in the parameter space of tanβ versus mA for the MSSM Higgs boson search at
ATLAS. The 95% CL exclusion region from neutral MSSM Higgs boson searches performed at
LEP is shown in a hatched style. The search was performed in tau-pair and muon-pair final states
and then combined [50].
Right: The expected 1σ - and 2σ -standard-deviation ranges are shown together with the observed
95% CL upper limits on the cross section, normalized to the SM expectation for Higgs boson
production, as a function of mH . The search at CMS was achieved in the ττ final state [51].
Both searches assuming the MSSM mmaxh scenario and using 7 TeV pp LHC collision data.
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Chapter 4
The ATLAS Experiment
The analysis presented in this thesis is based on data recorded by the ATLAS1 detector, an exper-
iment at the Large Hadron Collider (LHC). To investigate particle collisions at the LHC, several
detectors were built: ATLAS [54] and CMS2 [55] as detectors for multi purpose physics analysis,
e.g. investigating Standard model and Beyond Standard Model processes. The LHCb3 [56] detec-
tor was build to support studies about CP-violation and b-quark physics, while the ALICE4 [57]
experiment address investigations of the quark-gluon plasma emerging in heavy ion collisions.
4.1 The Large Hadron Collider
The Large Hadron Collider [9] is a particle accelerator at CERN5 located near Geneva, Switzer-
land. It is a proton-proton collider and was designed for an energy of 7 TeV per beam giving a
nominal center-of-mass energy of
√
s = 14 TeV, making the LHC to the most powerful particle
accelerator so far. Due to technical reasons the maximal centre-of-mass energy attained in the
2011–2012 data taking period has been up to 8 TeV (4 TeV per beam). The designed energy was
reached in the Run 2 period, starting from mid 2015. It is also possible to accelerate heavy ions
(preferably lead nuclei) with energies up to 5.5 TeV per nucleon to cover a large range of physics
research. Installed in the former LEP (Large Electron-Positron) collider tunnel up to 100 m un-
derground the LHC has a circumference of 26.5 km and was completed in 2008 after 7 years of
construction. The LHC is segmented into eight straight sections and arcs. The straight sections are
used for particle acceleration, serving beam focus via quadrupole magnets and contain the beam
crossings to produce the collisions for the experiments. The bending of the beam in the ring is
done in the arc sections via superconducting dipole magnets. A series of different accelerators
is used to bring protons successively to higher energies and creating the proper bunch structure
before injecting them into the LHC. First, protons are collected by stripping electrons from hy-
drogen atoms and injected into the Linear Accelerator (Linac2) and afterwards into the Proton
Synchrotron Booster (PSB), bringing them to 1.4 GeV. The Proton Synchrotron (PS) and the Su-
per Proton Synchrotron increase the energy of the protons to 25 GeV and 450 GeV, respectively,
before entering the LHC. The CERN accelerator complex is outlined Figure 4.1.
The protons in the beam are grouped into bunches of up to 1011 protons per bunch. Running
with design parameters the LHC is able to collide up to 2808 bunches each 25 ns, means up to 40
1A Torodial LHC ApparatuS
2Compact Muon Solenoid
3Large Hadron Collider beauty
4A Large Ion Collider Experiment
5Conseil Européen pour la Recherche Nucléaire, (European Organization for Nuclear Physics)
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Figure 4.1: The CERN accelerator complex and its main experiments [58].
million collisions per second. This leads to a very high flux of particles and radiation doses. Due to
technical constraints and safety reasons the data this analysis is based on was collected colliding up
to 1380 bunches using a 50 ns spacing. The instantaneous luminosity of a proton-proton collider
can be expressed as
Linst =
µnb fr
σinel
(4.1)
where µ is the average number of inelastic interactions per bunch crossing, fr is the machine rev-
olution frequency, nb is the number of bunch crossings per revolution, and σinel is the inelastic
proton-proton cross-section. The delivered luminosity can be expressed in terms of beam param-
eters
L =
nb frN1N2
2πΣxΣy
(4.2)
where N1 and N2 are the number of protons being collided in beam 1 and 2, respectively, and Σx,Σy
describing the width of the horizontal and vertical profiles of the colliding beams. For a given
process, the number of events N occurring during collisions is then proportional to the integrated
luminosity and to the process cross-section, where the latter depends on the center-of-mass energy
of the collision.
Due to the large number of protons in each bunch the presence of additional interactions next
to the main interaction in the the same bunch crossing is very likely. This effect is called in-time
pile-up. Additionally, effects from multiple interactions from surrounding bunch crossings can
be seen, because of the slow response time of the calorimeter detectors compared to the 50 ns
bunch spacing in 2012. This effect is referred to as out-of-time pile-up. The amount of pile-up can
be identified with the average number of inelastic interactions per bunch crossings and depends
on the instantaneous luminosity as seen in Eq. 4.1. With Linst in 2012 reached values as high as
7.7×1033cm−2s−1, the average pile-up activity in 2012 was < µ >≈ 20.7 interactions per bunch
crossing.
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4.2 The ATLAS Detector
The ATLAS experiment [54] is a multi-purpose particle detector installed at the LHC to measure
a wide range of physics processes. ATLAS has a forward-backward symmetric cylindrical geom-
etry providing near 4π coverage in solid angle. It consists of many sub-detectors in a shell-like
construction around the beam line. The inner tracking detector is surrounded by a 2 T solenoidal
magnet and measures the momentum and direction of charged particles. The energy of charged
and neutral particles is measured using electromagnetic and hadronic calorimeters. The muon
spectrometer, designed to identify particles escaping the calorimeter, surrounds the calorimeters
and is based on three large air-core toroid superconducting magnets providing an average mag-
netic field of 0.5 T. Because of the high number of particles occurring each collision, a three-level
trigger system is used to select the most interesting events.
In ATLAS a right-handed coordinate system is used with its origin at the nominal interaction
point in the center of the detector. The z-axis pointing along the beam line, while the x−y plane is
transverse to the beam direction in the way that the x-axis points towards the center of the LHC ring
and the y-axis points upwards. The azimuthal angle φ is defined as angle around the beam axis,
while the polar angle θ is the angle from the beam axis. It can be replaced by the pseudorapidity
η , defined as
η =− ln(tan(θ/2)) (4.3)
and for massless particles it is equal to the rapidity. Particles travelling along the beam direction
correspond to a infinite pseudorapidity, while particles produced perpendicular to the beam have a
pseudorapidity of zero. The geometrical distance of two objects in the pseudorapidity-azimuthal
plane is denoted as ∆R, which is defined as
∆R =

∆η
2 +∆φ 2. (4.4)
Additionally, transverse variables like the transverse momentum pT are defined in the x− y plane
of the coordination system, e.g. as
pT =

p2x + p
2
y . (4.5)
4.2.1 Luminosity Detectors
An accurate measurement of the delivered luminosity [59] is often a key component of ATLAS
physics analyses. For example, for cross-section determination, the uncertainty on the delivered
luminosity is usually one of the major systematic uncertainties. Specific detectors are designed
to measure the luminosity. The Beam Conditions Monitor (BCM) consists of four small diamond
sensors with a fast readout with a time resolution of ≈ 0.7 ns. The LUCID is a Cherenkov detector
specifically designed for measuring the luminosity and consist of sixteen mechanically polished
aluminium tubes filled with C4F10 gas surround the beam pipe on each side of the interaction
point. Both, BCM and LUCID, are fast detectors with electronics capable of making statistically
precise luminosity measurements separately for each bunch crossing within the LHC fill pattern
with no deadtime. In some cases, the luminosity measurement is supported by the Inner Detector
and even the calorimeters.
4.2.2 Inner Detector
The Inner Detector (ID) is a tracking detector designed to reconstruct tracks of charged particles
and measure their direction and momentum. Tracks can be combined into vertices corresponding
to different proton-proton interactions or displaced particle decays, e.g. observable as a secondary
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vertec in tau leptons ot b-quark decays. The Inner Detector is contained within a solenoidal mag-
netic field of 2 Tesla covering a pseudorapidity of |η | < 2.5. It is composed of three indepen-
dent subsystems: the pixel detector, the semi-conductor tracker (SCT) and the transition radiation
tracker (TRT). The Inner Detector is exposed to a high particle flux density, because of its position
closest to the beam line and interaction point. Thus, a high granularity and a fast readout system
is required. The layout of the ID is shown in Figure 4.2.
At inner radii a Pixel Detector is used providing approximately 80.4 million readout channels.
The pixel detector has a very high degree of segmentation and use silicon diodes as detection
technology. This is necessary to cope with the high track density expected and to find short lived
particles like τ leptons. The pixels are arranged in a barrel component with three concentric layers,
and three endcap disk on each end. All pixel sensors are identical and have a minimum pixel size
in R−φ of 50×400µm2. The intrinsic accuracies in the barrel are 10µm (R−φ ) and 115µm (z)
and in the disks are 10µm (R−φ ) and 115µm (R). The innermost layer, called B-layer, improves
the performance of the secondary vertex measurements, necessary for reconstruction of hadronic
tau lepton decays for example.
The next part is the Semiconductor Tracker (SCT) which is based on silicon strips. It consists
of four layers in the barrel covering |η |< 1.4 and nine disks in each endcaps covering |η |< 2.5.
The SCT provides around 6.3 million readout channels in a more granular segmentation than the
pixel detector and provides up to 8 hits per track. The resolution is approximately 17µm (Rφ ) and
580µm (z).
The outermost part of the Inner Detector is the Transition Radiation Tracker (TRT), which
is composed of gaseous straw tubes. In the barrel part the straws are arranged parallel to the beam
axis, while in the end-caps a radial arrangement is used, giving 351000 readout channels. The
straw tubes are filled with Xe- and Ar-based gas mixture and have a central high-voltage wire
for collecting electrons from the ionized gas. The TRT contributes only information from the Rφ
plane with an resolution of 130µm per straw. With around 36 hits per track, the TRT provides
a continuous tracking and more space point measurements for a track at a less precision than the
pixel and SCT detectors. This leads to an improvement of the momentum resolution at small
pseudorapidity, |η | < 2.0. The TRT is not only designed for tracking measurements, but also for
particle identification. Foils interleaved with the straw tubes cause low-mass particles to produce
transition radiation. The transition radiation occurs when a charged particle with high velocity
traverses two media with different dielectric constants. It is mainly used to distinguish electrons
from pions or other heavier hadrons.
4.2.3 Calorimeter
The ATLAS calorimeter is designed to detect particles with electromagnetic and hadronic interac-
tion in a range of |η | < 4.9. The calorimeters provide the measurement of energies of electrons,
photons and jets and the identification of the particle species. The granularity of the calorimeter
varies from a fine grained structure at the region, which overlap with the ID, and a more coarser
structure at the rest. Due to high homogeneity and a wide range of acceptance the calorimeters
allow to reconstruct missing transverse energy. The main parameters of the calorimeter system
are listed in Reference [54, Table 1.3]. A layout of the three parts of the calorimeters is illustrated
in Figure 4.3.
The Electromagnetic Calorimeter (EM) measures mainly electrons and photons, but also
parts of hadronic showers. The EM is a sampling calorimeter based on accordion-shaped ge-
ometry and uses liquid argon (LAr) as active material, and lead as absorber. Particles travelling
through the high-density absorber initiate a shower cascade, depositing a fraction of the energy
by ionization of the active material. The EM is longitudinally divided into three samplings with
22
4.2. THE ATLAS DETECTOR
Figure 4.2: Layout of the ATLAS Inner Detector [54].
different granularity in η and φ , consisting of a barrel part, covering |η |< 1.475 and two endcap
parts, covering 1.375 < |η |< 3.2. A thin presampler layer is added to correct for the energy loss
in regions where sizeable support structure and tracker material is placed in front of the calorime-
ter. The EM has a typical depth between 22 and 33 radiation lengths for electrons and photons.
Its average energy resolution is σE/E = 10% ·
√
GeV/
√
E. The segmentation of the EM can be
found in Figure 4.4.
The Hadronic Calorimeter measures strongly interacting particles. It consists of a scintillator
tile calorimeter in the barrel region, covering |η |< 1.7. The tile calorimeter uses plastic scintillator
plates as active material interleaved with iron absorber. It provides a good resolution and prevents
also leaks of non-muon particles into the muon system. The endcap calorimeters consists of the
Hadronic End-Cap Calorimeter (HEC) and a high-density Forward Calorimeter (FCal), covering
1.5 < |η |< 3.2 and 3.1 < |η |< 4.9 respectively. Due to the high radiation-density in the endcap
and forward region a radiation-hard technology is necessary. Therefore a copper-liquid argon
structure is used in the HEC and in the first part of the FCal, while tungsten-liquid argon is used in
the second and third part of FCal. Due to the large coverage in η , a good missing transverse energy
measurement is possible, which is necessary for many processes involving τ leptons. Combined
with the EM calorimeter and outer material, the hadronic calorimeter has an total thickness of up to
11 interaction lengths which has been shown to be sufficient to reduce punch-through of particles
into the muon system well below the irreducible level of prompt or decay muons. The hadronic
calorimeter has an average energy resolution ranging from about σE/E = 50% ·
√
GeV/
√
E for
the barrel and endcaps, to roughly σE/E = 100% ·
√
GeV/
√
E in the forward region.
4.2.4 Muon Spectrometer
The Muon Spectrometer (MS) [54] is designed for high precision measurements and identification
of muons and other charged particles which pass the previous detector components. Muons are
minimally ionizing particles are therefore usually able to traverse the inner detector and calorime-
ters without losing much of their energy. The Muon Spectrometer has its own magnetic field of
0.5–1 Tesla, providing measurements of the muon transverse momentum independently of the in-
ner detector. The MS uses four different chamber technologies: Monitored Drift Tubes (MDT) and
Cathode Strip Chambers (CSC) designed for measurements of track coordinates, Resistive Plate
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Figure 4.3: Overview of the calorimeters [54].
Figure 4.4: Structure of the LAr EM calorimeter in the barrel region [54].
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Figure 4.5: Overview of the muon spectrometer [54].
Cambers (RPC) and Thin Gap Chambers (TGC) having fast drift times are used for triggering. A
layout structure of the muon spectrometer is shown in Figure 4.5.
Monitored Drift Tubes contains a Ar-CO2 gas mixture and a central anode wire at 3080 V. The
distance of closest approach of a muon to the wire can be measured with a precisions of about
10µm. Tubes in 6 or 8 layers, arranged in two multi-layers build up an MDT chambers. By
comparing drift times in adjacent tubes, drift segments can be formed.
The Cathode Strip Chambers are multiwire proportional chambers equipped with cathode
strips and anode wires oriented in the radial direction. Both cathodes are segmented, one with
the strips perpendicular to the wires while the other is oriented in parallel. This allows measure-
ment of both directions, η and φ . The CSC reaches a resolution of 60µm per CSC plane, to be
compared with the 80µm resolution of a MDT tube layer. In the non-bending direction (φ ) the
cathode segmentation is coarser leading to a resolution of 5 mm.
The trigger system in the barrel consists of three concentric cylindrical layers around the beam
axis, using Resistive Plate Cambers. These are gaseous parallel plate detectors having no wires.
RPCs are used due to good spatial and time resolution as well as adequate rate capability.
Thin Gap Chambers are installed in the endcap region of the muon spectrometer. They op-
erate on the same principle as multi-wire proportional chambers providing good time resolution
and high rate capability. TGC’s have two functions in the endcap of the MS: the muon trigger
capability and the determination of the second, azimuthal coordinate to complement the measure-
ment of the MDTs in the bending (radial) direction. The middle layer of the MDTs in the end-cap
is complemented by seven layers of TGCs, while the inner layer is complemented by only two
layers.
4.2.5 Trigger System
Handling the high interaction rates of collision occurring every 50 ns at the LHC a efficient trigger
system at ATLAS is essential to collect only events containing interesting physics. The cross-
section for most of the physics process is quite small compared to the total pp cross-section, so
that most of the events contain only elastic collisions or already well-known process. By dropping
these events the rate must be reduced to ∼ 200 Hz, leading to trigger only on new physics and im-
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Figure 4.6: Overview of the trigger system [60].
portant standard processes. The trigger system is arranged in a chain of three steps, each depends
on decisions made before and applying additional criteria.
The first trigger level (L1) uses limited detector information from the muon chambers and the
calorimeter. It defines a Region-of-Interest (RoI) in η and φ by locating potentially interesting
high-pT objects. L1 is realized in hardware and reduce the event rate to ∼ 75 kHz.
The RoI’s are used as seed for the Level 2 trigger (L2), which has full access to calorimeter
information around the region. The trigger is software based and lowers the event rate to about
5 kHz.
The final reduction is performed by the Event Filter (EF), which is an offline analysis step, due
to its high decision time of up to 4 s. The EF has access to informations about magnetic field, align-
ment and calibration constants and performs a simplified version of the full event reconstruction.
The output rate of the EF in the 2012 run was about 1 kHz.
After EF, the event data are written to mass storage for later offline reconstruction and analysis.
A processing scheme is shown in Figure 4.6. Even though using this trigger chain, some trigger
tend to have a too high event rate, due to high particle flux mainly coming from QCD interactions.
In this case only a fraction of events triggered will be accepted. The inverse of the fraction is
called pre-scale factor.
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Reconstruction
The analysis described in this thesis is built up on elementary particles, like electrons, muons,
tau leptons and hadronic particles clustered as jets. However, these particles can not be directly
measured in the detector, but need to be reconstructed from detector quantities.
5.1 Track Reconstruction
Charged particles are able to leave signatures (Hits) in the Inner Detector (ID) as described
in Chapter 4.2.2. These signatures are formed into Tracks [61], which are the representation of
the trajectories of the charged particles. Hits recorded in the Pixel and SCT detectors are con-
verted into clusters and then transformed into space-points. The timing information from the TRT
is translated into calibrated drift circles. The standard track finding algorithm is designed to find
prompt tracks originating from the interaction region, starting from the most inner part of the ID
and going to the most outer components. Track seeds are built up by combining the space-points
of the pixel detector and the first SCT layer. The seeds are further extended and fitted through the
SCT and TRT and associated with the drift-circle information. Clusters outside the fit are removed,
ambiguities e.g. in cluster-track association are resolved in each step. The track is then refitted
using all components from the Inner Detector. Quality cuts ensure to remove fake tracks and dupli-
cates. To increase the performance of the reconstruction of tracks originating from particle decays
or photon conversion inside the ID a complementary strategy performs a back-tracking search. It
starts from unused segments in the TRT and extrapolates these into SCT and Pixel detector, so
going from the outer part of the ID to the most inner.
5.2 Vertex Reconstruction
The point of a particle interaction is called Vertex [61]. Vertices are reconstructed by fitting a
combination of different tracks to find a unique point of origin. Primary vertices (PV) arise from
the proton-proton collision in the beam pipe. Usually the vertex with the highest sum of p2T of
the associated tracks is taken as the default vertex, defining the main interaction of the event. The
remaining primary vertices are classified as pile-up vertices. Dedicated algorithms are used to
look for vertices of photon conversions and secondary vertices of long-lived particle decays. A
detailed description of the reconstruction of primary vertices at the ATLAS experiment can be
found in [62].
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5.3 Calorimeter Reconstruction
The reconstruction of calorimeter clusters is based on a three-dimensional topological cluster-
ing [63] of individual calorimeter cell signals [64]. Electromagnetic and hadronic showers deposit
energy in the calorimeter cells, leaving significant signal patterns. The clustering algorithm starts
from a selection of cells whose signal exceeds a specific threshold. In addition it implicitly per-
forms a topological noise suppression by removing cells with insignificant signals, which are not
in close proximity to significant cells. The resulting topological cell clusters contain shape and
location information, but need to be classified whether they are of electromagnetic or hadronic
origin. The classification depends on geometrical and signal moments sensitive to the nature of
the shower producing the cluster signal. The Local Hadron Calibration [64, 65] scheme is applied
to the clusters, ensuring a well-performing calorimeter signal definition for all final state objects,
especially for objects with a significant hadronic signal content, such as jets and τhad , and missing
transverse momentum reconstruction in ATLAS.
5.4 Electrons
Electrons are reconstructed using the energy deposits in the electromagnetic (EM) calorime-
ter [66]. As first step, EM clusters with ET > 2.5 GeV are formed from the energy deposits using
a two-dimensional sliding-window in (η ,φ ) space. After that qualified tracks with pT > 0.5 GeV
are extrapolated from the ID to these clusters, forming the electron candidate. If no matching
track is found, the cluster is classified as unconverted photon candidate. Converted photons are
distinguished from electrons by the presence of displaced vertices and pairs of close-by tracks. In
case of electron candidates, the cluster size is refined depending of the region of the calorimeter
and the total energy is determined. Because the ID is only available in the central part of the
detector (η < 2.5), electrons are separated into central electrons (with a track match) and forward
electrons (no track match possible). No distinction of electrons and photons is possible for the for-
ward region. The electron reconstruction efficiency is further reduced in the gap (‘crack region’)
between the barrel and the endcaps of the EM calorimeter, 1.37 < |η | < 1.52. At the electron
identification process quality criteria are applied to the electrons to reduce fakes originating from
charged hadrons. Different efficiency points are defined, based on cuts on e.g. track quality, num-
ber of TRT hits, energy leakage into the hadronic calorimeter and the form of the electromagnetic
shower [67].
5.5 Muons
As described in Chapter 4.2.4, the muon spectrometer (MS) is the main component in ATLAS to
detect muons [61]. Hits in each layer of the MDT and CSC are formed to local track segments [68].
The segments from different layers are combined to form the muon tracks (MS tracks). Because
muons leave also some signature in the tracking system, the ID provides an independent measure-
ment of the muon track. According to the information available from the MS and/or ID, different
muon types are reconstructed. The main type and most important one is the combined muon:
qualified tracks are searched independently in the MS and ID and - after a successful match - a
combined muon track is created.
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5.6 Jets
Technically jets are groups of topologically related energy deposits in the calorimeter, where tracks
of charged particles from the ID are associated [69]. In the sense of physics, jets [70] are collimated
objects, mostly hadrons, that emerge from the hadronization process of quarks and gluons. While
jets can be built up from calorimeter quantities as cells and clusters as well as from tracks and
many different jet forming algorithm are available, only a specific type (AntiKt4LCTopoJets) is
used in this analysis and therefore described here.
Topological clusters of energy deposits are built from calorimeter cells containing a certain
energy threshold above noise. The clusters are designed to follow the shower development in
the calorimeter [63, 71], starting with a seed cell and including neighbouring cells with a lower
threshold in an iterative process. To optimize the separation of showers from very close-by parti-
cles, a splitting of the found clusters can be performed. The energy of a topo-cluster is the energy
sum of the included calorimeter cells, while the direction is the energy weighted position of the
cells. By default the energy of the topo-clusters is reconstructed at the electromagnetic scale, that
correspond to the energy deposit of particles in electromagnetic showers.
After the clustering process, jets are reconstructed using the anti-kt algorithm [72] with a dis-
tance parameter R = 0.4. The total four-momenteum is defined as the four-momentum of all its
constituents, e.g. topo-clusters in case of TopoJets [69]. To compensate for the different energy
response of hadronic activities in the calorimeter the local cluster (LC) weighting scheme is used.
This method classified deposits as either EM or hadronic and applies energy corrections accord-
ingly.
The reconstruction of jets is very sensitive to the presence of additional interactions (pile-up)
beside the hard interaction vertex (PV). To reject jets originating from those pile-up interactions,
the jet vertex fraction (JVF) [73] is measured. It is the fraction of the summed pT of all tracks
matched to a jet and associated with the PV, relative to the summed pT for all tracks within the jet.
The idea is, that if a jet is connected to the PV most of its tracks should be associated to the PV as
well, leading to high values of the JVF.
Flavour Tagging
Jets arising from b-hadron decays (referred as b-jets) can be distinguished from light-flavour jets
utilizing dedicated tagging algorithms [74]. Due to their mass and lifetime, b-hadrons decay
slightly displaced from their origin, resulting in a secondary vertex. Variables as the decay length
significance, track impact parameter with respect to the primary vertex or invariant mass of the
tracks are important quantities to identify those b-jets (Figure 5.1). The default method used in this
thesis is the MV1 algorithm, that combines the output of several unique methods into an artificial
neural network [74–76]. In this analysis mostly the 70% (in some cases 80%) MV1 working point
is used to consider a jet as b-tagged.
5.7 Tau Leptons
The reconstruction and identification of tau leptons is separately described in Chapter 6
5.8 Missing Transverse Energy
In ATLAS, the missing transverse energy (or momentum) is defined as the momentum imbalance
in the plane transverse to the beam axis [77]. In this plane momentum conversation is assumed and
therefore the sum of all momentum vectors should be zero. However, the presence of undetectable
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Figure 5.1: Sketch [76] of a b-hadron or tau lepton decay, resulting in a secondary vertex and three
charged particles. The jet is build up using the energy deposits in the calorimeter. The secondary
vertex can be displaced from the primary event vertex. Decay length and track impact parameter
are important measurable values to distinguish b-jets or tau leptons from other jets.
particles as neutrinos or new unknown particles that only participate via the weak interaction may
lead to such imbalance in the measured momentum. The vector of missing transverse momentum
is calculated using reconstructed and calibrated physics object, as electrons, photons, hadronic
tau-leptons, jets and muons as well as calorimeter energy deposits and tracks not associated with
any of those objects (called SoftTerm):
Emissx,y = E
miss,e+γ
x,y +E
miss,τ
x,y +E
miss,jets
x,y +E
miss,SoftTerm
x,y +E
miss,µ
x,y . (5.1)
Each term is calculated from the negative sum of the energies of the calibrated objects projected
onto the x and y directions [77], in which double counting of energy deposits is avoided. Be-
cause all terms - but mainly jets and the SoftTerm - are affected by contributions from pile-up, a
correction based on the vertex fraction approach explained in 5.6 is applied. The magnitude and
direction of the missing transverse momentum vector is finally defined as
EmissT =

(Emissx )
2 +(Emissy )
2, φ miss = arctan
Emissy
Emissa
(5.2)
and used in the analysis presented in this thesis.
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Tau Reconstruction and Identification
The tau (or τ) lepton is part of the third fermion generation and with a mass of 1.777 GeV [25] it
is the heaviest lepton. It is unstable having a lifetime of 290.6 fs and decay length of ≈ 87µm ·βγ .
The tau lepton is the only lepton heavy enough to decay either leptonically and hadronically.
In 35.2% of the time it decays leptonically and in 64.8% of the time into one or more hadrons.
Considering only hadronically decaying τ leptons (τhad), decays with only one charged particle (or
1-prong) occur in about 72% of the time and with three charged particles (or 3-prong) in about 23%
of the time. The 5-prong decay has only a fraction of about 0.1%. Some important τ branching
fractions are listed in Table 6.1. The hadronic decay products of τ leptons are dominated by π±
and π0 mesons in the final state, but there are also small fractions of decays containing K± and K0
mesons.
Due to its short lifetime a tau lepton mainly decays before reaching active parts of the ATLAS
detector. Therefore it can only be identified via its decay products. The leptonic decay mode with
electrons or muons in the final state is indistinguishable from direct electron or muon production
and is thus included in the particle content of the electron and muon identification algorithms.
However, hadronic tau lepton decays have some significant features and properties, allowing to
identify them. This is the target of dedicated tau reconstruction and identification [78]. In decays
of high-momentum tau leptons the τ flight direction is quite well reproduced by the direction of the
leading particle (particle with highest momentum). Discriminating variables based on very tight
collimation and narrow shape of the τhad decay products, low track multiplicity with a distinct
number of charged tracks (1-prong, 3-prong) and displaced tau lepton decay vertex (in the case
of 3-prong) decays) are used to distinguish τhad leptons from quark or gluon-initiated jets (QCD
jets), which are produced at the LHC in processes with very high cross sections.
6.1 Tau Lepton Reconstruction
As the detector signature of hadronic tau lepton decays is similar to the signature of QCD jets,
it is important to use combined information from many sub-detectors in order to achieve optimal
separation. In order to meet this requirement, a dedicated reconstruction algorithm is used for
τhad, combining both tracking and calorimeter information.
6.1.1 Reconstruction Seeds
The τhad reconstruction algorithm is seeded from jets reconstructed using the anti-kt algorithm,
with a distance parameter R = 0.4 from calorimeter TopoClusters (see Chapter 5.6). All jets with
pT ≥ 10 GeV and |η | ≤ 2.5, which corresponds to the η-coverage of the ATLAS tracking system,
seed the τhad reconstruction algorithm.
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τ− decay mode branching fraction (Γi/Γ)
all leptonic ∑35.24 %
e−ν̄eντ 17.83 %
µ
−
ν̄µντ 17.41 %
all 1-prong hadronic ∑49.47 %
π
−
ντ 10.83 %
π
−
π
0
ντ 25.52 %
π
−2π0ντ 9.30 %
π
−3π0ντ 1.05 %
K−ντ + Neutrals 1.57 %
all 3-prong hadronic ∑14.57 %
π
−
π
+
π
−
ντ 9.32 %
π
−
π
+
π
−
π
0
ντ 4.62 %
Table 6.1: Selected significant τ− decay modes and branching fractions [25]. τ+ modes are charge
conjugates of the modes shown.
6.1.2 Vertex Association
As the number of interaction vertices, or pile-up, increases, it is not naturally given that the jet-seed
of the τhad candidate is coming from the “default” primary vertex, which is defined as the vertex
candidate with the highest ∑ p2T,tracks [62]. The τhad track association is shown to be sensitive to the
selected primary vertex, which in turn affects both τhad reconstruction and identification [79]. To
ensure the track association method is independent of the pile-up condition, an algorithm identifies
the best primary vertex hypothesis for each τhad seed. The vertex chosen is referred to as the tau
vertex (TV) and is used in the τhad track association, to determine the tau direction and to set up
a coordinate system. The direction of cell- and cluster-based variables are calculated as well as
other tau identification variables.
6.1.3 Tau Axis and Four-Momentum
The reconstructed four-momentum of the τhad candidate is defined in terms of three degrees of
freedom: pT, η , and φ . At first a barycenter is formed consisting of the sum of the four-vectors
of the constituent topological clusters, calibrated at LC scale [65], assuming zero mass for each of
the constituents.
Then an axis is calculated by using clusters within ∆R ≤ 0.2 around the barycenter. The four-
vectors of those clusters are recalculated using the tau vertex coordinate system and are summed
up, forming the final axis for all identification variables [80]. The mass of the τhad candidate
is defined to be zero and consequently the transverse momentum, pT, and the transverse energy,
ET = E sinθ , are identical.
Because of the specific signature of charged and neutral pions in tau decays, the jet energy
scale from the tau seed can not be applied to τhad candidates. Therefore, an independent tau
energy scale (TES) calibration procedure is applied. The reconstructed energy of τhad candidates
is calculated to the final energy scale by a Monte-Carlo based calibration procedure [78]. The final
η position of the τhad candidate is re-calculated after the energy calibration procedure and after all
basic τhad identification variables have been calculated.
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6.1.4 Track Association
Tracks are associated to each τhad candidate if they are within the core cone ∆R ≤ 0.2 of the τhad
direction, and fulfil the following quality requirements:
• pT ≥ 1 GeV,
• Number of pixel hits ≥ 2,
• Number of pixel hits + number of SCT hits ≥ 7,
• distance of closest approach of the track to TV in transverse plane, |d0| ≤ 1.0 mm,
• distance of closest approach of the track to TV in longitudinal plane, |z0 sinθ | ≤ 1.5 mm.
τhad candidates are classified as single or multi-prong depending on the number of tracks counted
in the core cone. Tracks within the isolation cone 0.2 < ∆R ≤ 0.4 of the τhad direction are re-
quired to satisfy the same track quality criteria and are used to form further variables for the tau
identification methods.
6.1.5 Neutral Pion Reconstruction
Due to the high number of neutral particles in τhad lepton decays, a dedicated π
0 reconstruction
step performs a search for neutral pions in the tau core regions [78]. Using calorimeter quantities
and track information, π0 candidates are formed from clusters among those found in the tau core
cone and corrected for pile-up and electronic noise. A likeness score is applied, defining good π0
candidates to be used in the tau identification step. In the future a new approach (called ”particle
flow”) based on an integrated reconstruction and identification of charged and neutral hadrons of
tau decays may improve the reconstruction of τhad lepton decays and the tau energy resolution in
ATLAS [81].
6.2 Tau Lepton Identification
6.2.1 Discrimination of Taus against Jets
Due to their hadronic content, QCD Jets from quarks and gluons can mimic the signature of a
tau decay. Those jets are rejected by a dedicated tau identification step using a Boosted Decision
Tree (BDT) algorithm [82, 83]. Variables found to be sensitive to tau decay properties are based
on track and calorimeter (TopoCluster) information. Separate BDT’s are trained for 1-prong and
3-prong τhad decays using simulated tau leptons from Z, W and Z
′ decays as signal and selected
collision data as multi-jet background. In the following variables used for the tau identification are
described in detail and summarized in Table 6.2.
Central energy fraction ( fcent): Fraction of transverse energy deposited in the central region
(∆R < 0.1) of the τhad candidate:
fcent =
∑
∆Ri<0.1
i∈{all} E
EM
T,i
∑
∆R j<0.2
j∈{all} E
EM
T, j
,
where ET,i (ET, j) is the transverse energy, calibrated at the EM energy scale, deposited in
cell i ( j), and i runs over the cells in all layers associated with the τhad candidate within
∆R < 0.1 of the tau axis, while j runs over all cells in all layers within ∆R < 0.2. In
addition a correction based on the number of primary vertices in the event is applied to
reduce dependencies on pile-up.
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Leading track momentum fraction ( ftrack):
ftrack =
pleadtrkT
∑
∆R j<0.2
j∈{all} E
EM
T, j
,
where pleadtrkT is the transverse momentum of the leading pT core track of the τhad candidate.
ET, j is the transverse energy, calibrated at the EM energy scale, deposited in cell j, and j
runs over all cells of the calorimeter (EM + Had) within ∆R < 0.2 around the τhad axis.
In addition a correction based on the number of primary vertices in the event is applied
to decrease dependencies on pile-up. For τhad candidates with one track (1-prong), ftrack
is the fraction of the candidate’s momentum attributed to the track, compared to the total
momentum of the candidate, which can have additional contributions from the calorimeter
deposits from π0s and other neutrals.
Track radius (Rtrack): pT weighted track width:
Rtrack =
∑
∆Ri≤0.4
i pT,i ∆Ri
∑
∆Ri≤0.4
i pT,i
,
where i runs over all core and isolation tracks of the τhad candidate, within ∆Ri ≤ 0.4 of the
τhad axis. pT,i is the track transverse momentum. For tau candidates with only one track in
total in core and isolation cone, Rtrack simplifies to the ∆R between the track and the τhad
axis.
Transverse flight path significance (SflightT ): The decay length significance of the secondary ver-
tex for multi-track τhad candidates in the transverse plane with respect to the tau vertex:
SflightT =
LflightT
δLflightT
,
where LflightT is the reconstructed signed decay length, and δL
flight
T is its estimated uncertainty.
Only tracks within the tau core cone are used for the secondary vertex fit.
Leading track IP significance (Slead track): impact parameter significance of the pT-leading
track of the τhad candidate in the core cone:
Slead track =
d0
δd0
,
where d0 is the distance of closest approach of the track to the tau vertex in the transverse
plane, and δd0 is its estimated uncertainty.
Track mass (mtracks): Invariant mass of the track system, using all tracks within both, tau core
and isolation cone. A mass of a pion is assumed for each track.
Maximum ∆R (∆Rmax): The maximal ∆R between a track associated to the τhad candidate and
the tau axis. Only tracks within the tau core cone are considered.
Number of tracks in isolation cone (Nisotrack): Number of tracks reconstructed within 0.2 < ∆R ≤
0.4 around the τhad axis.
Track and π 0-system mass (m
π
0 + tracks): Invariant mass composed of the tracks and the π0’s
found by the neutral pion reconstruction algorithm.
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Number of neutral pions (N
π
0): Number of π0’s found by the neutral pion reconstruction algo-
rithm.
Fraction of track and π 0-system pT (p
π
0+track
T /pT): Ratio of tau transverse momentum of the
tracks+π0-system to the calorimeter-only measurement.
Variable BDT ID
prongs 1-prong 3-prong
fcent • •
ftrack • •
Rtrack • •
Slead track •
Nisotrack •
∆Rmax •
SflightT •
mtracks •
m
π
0 + tracks • •
N
π
0 • •
pπ
0+track
T /pT • •
Table 6.2: Discriminating variables used as input to the boosted decision tree for τhad identification
(BDT ID) to distinguish tau leptons from jets. A dedicated set of input variables is applied for 1-
prong and 3-prong tau identification [78].
The distribution of fcent and N
iso
track for 1-prong τhad decays and for Rtrack and mπ0 + tracks for
3-prong τhad decays are shown in Figure 6.1. Further distributions can be found at [84]. The
performance of the BDT based τhad identification, defined as the inverse background efficiency
versus the signal efficiency is shown in Figure 6.2. To support comparisons among analyses and
facilitate systematic uncertainties calculation, three working points – loose, medium and tight –
were defined along the BDT score. They correspond to different signal and background efficien-
cies as shown in Figure 6.2, where the loose working point has the lowest signal efficiency and
tight the highest. Requirements on the BDT score are chosen in a way that the signal efficiency
is independent of the true τhad pT . Due to the well-defined input variables the signal efficiency is
also stable against different pile-up conditions as shown in Figure 6.3. In this analysis tau leptons
identified at the medium working point are used. This corresponds to roughly 60% (40%) signal
efficiency and a few percent (< 1%) background efficiency for 1-prong (3-prong) taus.
6.2.2 Discrimination of Taus against Electrons
Since electrons consist of a single track and associated clusters, they can mimic 1-prong τhad
decays and pass the tau reconstruction step. They are misidentified as hadronically decaying tau
leptons by the tau identification step described above, resulting in non-negligible background [78].
Several properties can be used to distinguish those electrons from taus, like the fraction of energy
deposited in the electromagnetic calorimeter ( fEM), the fraction of high-to-low threshold hits in
the TRT ( fHT) caused by transition radiation, cluster shape variables, amount of energy leaking
into the hadronic calorimeter and the angular distance of the track from the calorimeter based
direction. Variables based on these properties are defined and used to train a BDT. In Figure 6.4
two of these variables ( fEMand fHT) are depicted. Also the inverse background efficiency versus
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Figure 6.1: Selection of discriminating variables to distinguish tau leptons from jets used in the
BDT Tau ID [78]. The signal and background distribution is shown for fcent and N
iso
track for 1-prong
τhad decays (top) and for Rtrack and mπ0 + tracks for 3-prong τhad decays (bottom).
signal efficiency is shown. In this analysis an electron veto corresponding to 85% signal efficiency
is used.
6.2.3 Discrimination of Taus against Muons
Usually muons are unlikely to be reconstructed as a τhad lepton, since as minimal ionizing par-
ticle they don’t deposit enough energy in the EM and HAD calorimeters [78]. Nevertheless, a
track and high energetic cluster associated to a muon can be misidentified as a τhad decay. A
muon veto is formed by a cut-based selection on two variables, the fraction of energy deposited
in the electromagnetic calorimeter and the ratio of track-pT to calorimeter ET. This reduces the
muon contamination significantly, achieving 96% signal efficiency while about 40% of the muons
misidentified as tau leptons are removed.
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Figure 6.2: Inverse background efficiency versus signal efficiency of the BDT-based tau identi-
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Chapter 7
Signal and Background Processes
7.1 Signal Processes
The Higgs boson production at the LHC is already described in Section 2.2.5. The Higgs boson
production modes considered in this analysis are the gluon-fusion process and the b-associated
production. The latter is characterized by the presence of b-quark induced jets. This search
for neutral MSSM Higgs bosons focuses on the di-tau leptonic-hadronic final state (h/H/A →
τlepτhad), where one of the tau leptons decays leptonically into electron or muon and the other
decays hadronically. Details about the simulation of the signal samples are given in Section 8.2.
7.2 Background Processes
Various processes may produce signatures similar to that of the signal event. The signature of these
background processes contain an electron or a muon candidate and a hadronically decaying tau
lepton (τhad) candidate, comparable missing energy caused by the neutrinos from the τ decay and
at least one b-jet in case of b-associated Higgs production search. In some cases the τhad lepton is
real, in other cases it is faked by the misidentification of jets, or to a lesser extend, leptons. Details
about the simulation of the background samples are given in Section 8.2, while the dataset names
and corresponding cross-sections are listed in Appendix D.
7.2.1 Z/γ(∗) → ττ+jets and the embedding procedure
The signature of the Z/γ(∗) → ττ background contains two real τ leptons in the final state and
is very similar to the signal process, forming an irreducible background. Any estimation of this
background, involving a Z → ττ selection in data, would risk to contain potential signal events.
For this reason, the Z/γ(∗) → ττ background is considered as the most important and difficult one.
A special procedure was used, to create a hybrid sample with events composed of parts taken from
data and from simulation. This sample is referred as the embedding sample or embedding events.
The idea behind that procedure is, that Z/γ(∗) → µµ events provide identical kinematics, besides
the different masses of muons and tau leptons, and can be transformed into Z/γ(∗) → ττ-looking
events. The τ -embedding technique was already successfully used in various ATLAS analyses
involving di-tau final states [37, 50, 85, 86].
The starting point are Z/γ(∗) → µµ events from data, selected by exactly two qualified and
isolated muons, with the leading one having pT > 20 GeV and the subleading pT > 15 GeV, an
invariant mass above 40 GeV and a common primary vertex. The kinematics of the Z → µµ event
is extracted and the muons replaced by simulated tau leptons, rescaling their four-momenta in the
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Z rest frame to take the mass differences of muons and tau leptons into account. The tau lepton
decays are simulated using TAUOLA [87] and consider τ polarization and spin correlations [88].
The decay of the tau leptons and their passage through the ATLAS detector is modelled by simula-
tion. After this step, the clean tau event is put back into the former Z → µµ data event, where the
muon tracks and associated calorimeter cells are replaced by the corresponding τ signature. The
underlying event kinematics, like pileup, and all other particle properties remain and are therefore
coming from pure data. In a final step the full ATLAS event reconstruction software is re-run with
the new hybrid event to recreate the final objects, especially missing energy, from the modified
calorimeter entries and tracks. In Figure 7.1 a flowchart of the embedding procedure is depicted.
The embedding sample is used to model the Z/γ(∗) → ττ+jets background in this analysis.
As described later in 10.2 a normalization to event yields obtained from Monte Carlo Z → ττ is
necessary, to circumvent limitations of the embedding technique.
Figure 7.1: Flowchart of the embedding procedure (taken from [86]). For a detailed description of
the procedure see main text.
7.2.2 QCD multi-jets
At hadron colliders, the production of QCD multi-jet events occurs at a very high rate and makes
them the dominant background in this search. The cross-section ranges over many orders of
magnitude up to 109 pb [89] and a lot of different QCD processes may look like the signal final
state: Quark- or gluon-initiated jets can mimic the signature of hadronically decaying tau leptons
as well as jets from b-quarks are present to a large degree. Due to the high cross-section, the
QCD background can not be simulated with Monte Carlo with a sufficient number of events.
Therefore data-driven techniques are used to model the QCD multi-jet background as explained
later in Section 10.1.
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7.2.3 W → ℓν+jets
This background can mimic the signal signature in case an associated jet fakes a hadronic tau
decay and the lepton from the W decay is passing the τlep selection in case of electron or muon,
or the τ decays leptonically and is therefore selected. In all the cases a certain amount of missing
energy is present in the signature due to the neutrinos in the final state.
7.2.4 tt̄ and single top production
The semi- or fully hadronic decay of top-quark pairs (tt̄ → bb̄WW → bb̄lνqq̄/bb̄qq̄qq̄) is another
important background, especially when the presence of a b-jet is required. The existence of two
b-jets is used in suppressing this background via 2nd-jet vetoes or to enrich special control-regions
with tt̄ events by requiring at least one b-jet. Since the top decays to nearly 100% into a W
boson and b-quark, with a subsequent decay of the W boson, real tau leptons may be involved
in this process. In addition the b-jet can fake τhad decays. Single top events occur in t- or s-
channel production or, in association with W bosons, Wt-channel production. In the Wt production
mode, similar to tt̄, two W boson are involved and therefore the same argument applies. The t-
and s-channel production involves only one W boson and therefore only has one source of a tau
lepton. This means another (fake) tau needs to be identified from somewhere else to complete the
signature. Due to this, these single top processes contribute to a lesser extend to the overall top
background.
7.2.5 Z/γ(∗) → ee/µµ+jets
The production cross section of Z bosons is about 10 times lower than that for W bosons, which
makes this background less important. With a Z boson decaying into pairs of electrons or muons,
it can only mimic the di-tau signature in case one of the leptons is passing the τlep selection and
an associated jet is faking a tau, or the second lepton is misidentified as a τhad decay. Since this
background process does not contain real missing energy, a requirement on this quantity can be
used to reduce Z+jets induced background.
7.2.6 Other Background
Further backgrounds to be considered in this analysis are diboson processes, like WW , WZ and ZZ.
All of these processes may contain real τhad and τlep decays as well as sources for leptons faking
τhad’s. However, the cross-section of electroweak diboson production is quite small compared to
that of other backgrounds and therefore the contribution of dibosons to the overall background is
less important.
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Chapter 8
Data and Monte Carlo Samples
8.1 Data Samples
The analysis presented in this thesis is based on proton-proton collisions at a centre-of-mass energy
of 8 TeV from the LHC. The data were recorded by the ATLAS detector during the year 2012. The
LHC delivered a total integrated luminosity of 22.8fb−1 during this data-taking period and the
data were recorded by the ATLAS experiment with high efficiency [90]. Only collisions with
all detector components switched on and fully operational are considered for physics analysis
leading to the final integrated luminosity of 20.3 fb−1 and an efficiency of 89%. The maximum
instantaneous luminosity in 2012 reached 7.73×1033cm−2s−1 and up to 40 interactions per bunch
crossing were seen [62]. On average, 20.7 interactions per bunch crossings occur in the data
recorded. The maximum mean number as well as a luminosity-weighted distribution of the mean
number of interactions per bunch crossing are shown in Figure 8.1.
Collisions at a centre-of-mass energy of 7 TeV recorded in 2011 are not included in this anal-
ysis. The total integrated luminosity of the entire Run-1 period is shown in Figure 8.2. The 2012
data-taking period is divided into 11 sub-periods which are listed in Table 8.1.
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8.2 Monte Carlo Simulation
The observed data needs to be compared with well-known physics processes as well as the the-
oretical predictions of expected MSSM Higgs bosons. Monte Carlo (MC) simulation provides a
method to simulate the various background and predicted signal processes occurring during the
proton-proton collisions and their response in the ATLAS detector. The MC simulated samples
used in this analysis are summarized in Appendix D.
8.2.1 Event Generation
Event generation consists of the production of a set of particles by simulating the effects of the
primary parton interactions, the Matrix Element, and the hadronization of the resulting quarks and
gluons, the parton shower.
The signal samples for b-associated MSSM Higgs Boson production are generated with
SHERPA [92], while gluon fusion production is simulated with POWHEG [93] for the matrix el-
ement and PYTHIA [94, 95] for the parton shower. The signal samples are generated using the
CP-even Higgs boson production mode at discrete mass points between 90 and 1000 GeV. The
signal model is then constructed by combining three mass samples, one for each of the h, H and A
bosons, with appropriately scaled cross sections and branching fractions. Further details are given
in [37]. A large fraction of the background originates from W and Z bosons produced in associa-
tion with jets. These background samples are produced using ALPGEN [96] for the matrix element
and PYTHIA or JIMMY [97] for the parton shower. Di-boson WW production is modelled with
ALPGEN or GG2WW [98] and again JIMMY for the parton shower. WZ and ZZ production is mod-
elled with HERWIG [99]. The simulation of tt̄ production uses POWHEG or MC@NLO [100], and
single-top processes are generated with ACERMC [101], with the parton shower done by PYTHIA
or JIMMY.
In most cases decays of τ leptons are not handled by the generator, but generated with the
specialized tool TAUOLA [87]. Only in samples simulated with Sherpa, the τ decays are modelled
with Sherpa as well. The specialized tool PHOTOS [102] provides additional radiation off charged
leptons for many of the samples. After event generation the events are passed to full detector
44
8.2. MONTE CARLO SIMULATION
Period Run numbers Delivered luminosity / pb−1
A 200804–201556 910
B 202660–205113 5594
C 206248–207397 1643
D 207447–209025 3598
E 209074–210308 2863
G 211522–212272 1404
H 212619–213359 1655
I 213431–213819 1149
J 213900–215091 2941
L 215414–215643 983
M 216399–216432 14
Table 8.1:
√
s = 8 TeV data-taking periods of the ATLAS detector and the delivered luminos-
ity [91]. There are no periods called ’F’ and ’K’.
simulation.
8.2.2 Detector Simulation
While the Monte Carlo generators produce the four-vectors of the final state particles, an addi-
tional step to model their response in the ATLAS detector is necessary. The detector simulation is
build with GEANT4 [103] using the ATLAS Simulation infrastructure [104]. This step models the
interaction of the particles with the detector material and the magnetic fields, including responses
of the tracking detectors and the evolution of parton showers and energy deposits in the calorime-
ters. Out of these responses, hits in the detector are created. The presence of multiple interactions
occurring in the same or neighbouring events (so called ”pile-up”) is accounted for by merging in
hits of simulated hard interactions and minimum-bias events. The digitization step provides the
response of the electronic readout system on the particle interactions. After this process, simulated
samples and real data have the same output format. The final step is the full event reconstruction
described in the next chapter, using identical algorithms on the simulated samples and real data to
identify the physics objects.
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Chapter 9
Event Selection
In this chapter the event selection criteria are described used to identify MSSM Higgs boson signal
events and to separate them from the background processes. Event cleaning and pre-selection re-
quirements ensure a high quality of selected data events and reconstructed physics objects. Next,
analysis categories are defined, depending on the Higgs boson mass hypothesis and signal process
searched for. In addition the method of invariant mass reconstruction of the Higgs boson is de-
scribed. The analysis is performed in two different channels, due to the two final states, eτhad and
µτhad and later combined statistically. These channels are referred as electron channel and muon
channel, respectively.
9.1 Event Cleaning
Data Quality
As already described in Chapter 8, only data samples from LHC runs are considered during which
all relevant detector components are switched on and are in good operating mode. This is real-
ized by a so called "good runs list"1, containing entire ranges or single numbers of events,
approved for physics analysis. No such good runs list is applied on simulated samples. While
overall detector problems are already considered with this good runs list, parts of the detector
may have malfunctioned during event recording. Events which are affected by these issues, e.g.
problems in the Tile or LAr calorimeter are removed to suppress possible sources of fake missing
energy. In addition, events that are likely to be caused by cosmic rays are rejected as well.
Trigger
Events must pass either a single electron-trigger (EF e24vhi medium1) or a single muon-trigger
(EF mu24i tight). Both triggers require the lepton to be isolated and apply dedicated quality
criteria as well as a threshold of pT > 24 GeV for the lepton.
Vertex
At least one primary vertex with four or more associated tracks is required, discarding events
where no interactions with a hard scattering were recorded.
The number of interactions per bunch crossing in data is not well described by the simulated
samples, due to different data taking conditions assumed at the time of Monte Carlo sample pro-
1In this analysis the following good runs list is applied on data events:
DATA12 8TEV.PERIODALLYEAR DETSTATUS-V61-PRO14-02 DQDEFECTS-00-01-00 PHYS STANDARDGRL ALL GOOD
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Figure 9.1: Interactions per bunch crossing for embedded samples, data and simulated samples
(left). After applying correction factors to the simulated samples the agreement of mean and
shape increased (right).
duction. The situation is shown in Figure 9.1 for data, embedded and simulated samples. To
account for the inconsistency re-weighting factors are applied to the simulated samples, that in-
crease the agreement with the data as depicted in Figure 9.1(right).
9.2 Pre-selection
Lepton Selection
Electrons are required to have a transverse momentum of pT > 20 GeV and to be in the detector
region |η | < 2.5, excluding the calorimeter crack-region of 1.37 < |η | < 1.52. They need to be
rated as high-quality electrons and identified by the electron reconstruction method at the tight
efficiency point. Muons need to be reconstructed as a combined muon and pass pT > 20 GeV and
|η | < 2.5. The cut on the transverse momentum for both, electrons and muons, is later increased
to pT > 26 GeV to be above the threshold of the relevant triggers.
Di-lepton Veto
To reduce background from the Z → ℓℓ processes events must not contain additional electrons
or muons beside the selected one. For this veto slightly looser kinematic and quality criteria are
applied to the leptons. The transverse momentum distribution before and after applying the di-
lepton veto is shown in Figure 9.2 for the electron channel and Figure 9.3 for the muon channel
analysis, respectively.
Tau Selection
Hadronically decaying tau leptons are selected if they are reconstructed as 1-prong or 3-prong
τhad within the detector region of |η | < 2.5 satisfying the medium tau identification criterion, the
medium electron veto and muon veto. Exactly one τhad with pT > 20 GeV is required. In Fig-
ure 9.4 the number of tau leptons before and the tau-pT-distribution after applying the Nτhad = 1
criterion is shown.
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Figure 9.2: The lepton pT before (left) and after (right) applying the di-lepton veto to reduce
Z → ℓℓ background. All previous quality criteria up to this step are already applied (for details see
main text). The distribution is shown for the electron channel analysis.
Object Overlap Removal
Most object reconstruction and identification methods described in Chapter 5 are based on the
same inputs, tracking and calorimeter information. Because of this, many physics objects can
be found by multiple algorithms, and, in some cases also be marked as a good, qualified object.
In order to resolve those ambiguities, an overlap removal is performed, considering only one of
them within a cone of ∆R = 0.2. In this analysis the removal is executed in the following order of
priority: Muons, electrons, τhad’s and jets. For muons a looser selection than described above is
used, applying only loose quality criteria and a pT > 4 GeV threshold. In case of the electrons, the
selection is loosened as well, with loosest quality requirements, pT > 15 GeV and including the
detector crack region. For the purpose of overlap removal, the isolation requirements are dropped
from muon and electron identification.
Lepton-isolation Requirement
In addition, a lepton isolation criterion is applied to muon and electron candidates to reject fake
signatures originating from hadronic sources. Usually electrons or muons deposit their energy in
a very narrow cone, while QCD jets are diversified. Calorimeter isolation is imposed by requiring
that the additional energy deposited in the calorimeters in a cone of radius ∆R = 0.2 around the
lepton is less than 6% of the lepton’s pT. The calorimeter isolation is corrected for additional
energy depositions from pile-up interactions. Track isolation is imposed by requiring that the pT
sum of additional tracks with pT greater than 1 GeV around the lepton within ∆R = 0.4 is less
than 6% of the leptons track pT. The distribution of the isolation variables for muons are shown
in Figure 9.5.
Opposite-sign Requirement
Due to the nature of the H → τ+τ− signal, τlep and τhad are of opposite charge. Therefore this
requirement is applied to the selected light lepton and the selected tau lepton.
After all cuts mentioned, the invariant MMC mass (for definition see below Section 9.4) is
calculated and events where the calculation failed are dropped. The MMC mass for both channels
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Figure 9.3: The lepton pT before (left) and after (right) applying the di-lepton veto to reduce
Z → ℓℓ background. All previous quality criteria up to this step are already applied (for details see
main text). The distribution is shown for the muon channel analysis.
is shown in Figure 9.6.
Further distributions of important kinematics and variables of the pre-selection stage can be
found in the Appendix A.
9.3 Analysis Categories
The next step of the event selection is optimized separately for low- and high-mass Higgs bosons,
defined as mA < 200 GeV and mA ≥ 200 GeV, respectively, to take differences in kinematics and
background composition into account.
As depicted in Figure 9.6, a large source of background originates from W → ℓν+jets pro-
cesses, where a jet is misidentified as a τhad. To suppress these backgrounds the following vari-
ables are defined.
∑ ∆φ : The sum of the azimuthal angles between the τhad (τlep) and the missing energy vector,
caused by the neutrinos, defined as
∑∆φ ≡ ∆φ(τhad,E
miss
T )+∆φ(lepton,E
miss
T ).
For W → ℓν+jets processes high values of this variable are expected, because the jet
misidentified as tau lepton does not point in the same direction as the missing energy vec-
tor and the lepton, which originated from the W decay. In case of signal events, the EmissT
vector is close to both, the τhad and the light lepton, as a result of the fact that the missing
energy coming from the neutrinos of the τhad (τlep) decay, leading to small ∑∆φ values. The
distribution of ∑∆φ is depicted in Figure 9.7 for both, electron and muon channel.
Transverse mass: Mass of the lepton and the missing transverse energy, defined as
mT =

2plepT E
miss
T (1− cos∆φ)
where ∆φ is the azimuthal angle between both objects. For signal events, small values are
expected due to the alignment of the EmissT vector with the lepton direction. For W+jets
events mT has a local maximum around the W boson mass. For the distribution of the
transverse mass after pre-selection requirements please refer to Appendix A.
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The plots are shown for the combined electron and muon channel.
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Figure 9.5: Variables for the lepton isolation requirements after pre-selection requirements, but
before placing the cut. On the left, the muon calorimeter isolation is shown, while on the right, the
track isolation is shown. In the analysis, both variables are required to be larger than 0.06.
9.3.1 Low-mass b-veto Category
The low-mass analysis category is optimized for MSSM Higgs boson searches with mA <
200 GeV. The low-mass search includes two orthogonal categories, so-called b-veto and b-tag
category, referring to the absence or presence of accompanied b-quark initiated jets (b-jets). The
veto category aims to address the gluon fusion Higgs production process, while the b-tag category
improves the sensitivity for the b-associated production mode.
In the veto category, first ∑∆φ is required to be less than 3.3 to reduce W+jets background as
explained above. In Figure 9.7 the ∑∆φ distribution before applying the cut is shown. Next, only
events are selected where no jet with pT > 20 GeV, |η | < 2.5 and passing high-quality criteria
regarding the jet vertex is tagged as b-jet. A jet is considered to be a b-jet if MV1 > 70 (for MV1
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Figure 9.6: MMC mass for electron channel (left) and muon channel (right) after applying event
cleaning cuts, pre-selection cuts, the lepton (e,µ) isolation and the opposite sign (lep-τ) require-
ment. Only statistical uncertainties are indicated by the shaded and yellow bands.
score see Section 5.6 and [74]). To further reduce W+jets background a cut on the transverse mass
mT < 60 GeV is applied. The mT distribution is shown in Figure 9.8.
To reduce the contribution of muons faking the signature of tau leptons in the muon channel a
muon-fake veto is implemented. The veto rejects µτhad events only if the τhad is a 1-prong tau lep-
ton, has an electromagnetic fraction fEM < 0.1 and the µτhad visible mass is 70<mvis < 112 GeV.
The reduction of the muon background, especially Z → µµ+jets, can be seen in Figure 9.9. The
MMC mass before (after) applying the veto is shown in the left (right) plot.
9.3.2 Low-mass b-tag Category
In the low-mass b-tag category there must be at least one jet tagged as a b-jet, passing the same
jet criteria as listed in the b-veto definition. To reduce the dominant tt̄ background mT < 45 GeV
is required. In addition events are rejected if there is any further jet – besides the leading b-
tagged jet – with pT > 30 GeV. Figure 9.10 shows the mT-distribution after the b-tag requirement.
The transverse momentum of the 2nd leading jet and the number of jets after the b-tag and the
mT < 45 GeV criteria are depicted in Figure 9.11.
9.3.3 High-mass Category
The high-mass analysis category targets the MSSM Higgs boson search with mA ≥ 200 GeV.
To get rid of the W+jets background, again ∑∆φ < 3.3 is required. In case of the signal the
τhad and τlep are required to be well separated due to the heavy Higgs mass compared to the
tau mass. Therefore a cut is placed on the azimuthal angle between τhad and the light lepton:
∆φ(τhad, lepton) > 2.4. Also hadronically decaying tau leptons tend to have a higher visible pT
because of the presence of only one neutrino compared to the τlep decays where two neutrinos
are involved. Based on that, a variable addressing this imbalance of transverse momentum can be
created, ∆pT ≡ pT(τhad)− pT(lepton), and with ∆pT > 45 GeV giving a handle on most of the
remaining backgrounds. Figure 9.12 presents the ∆φ distribution after the ∑∆φ requirement as
well as ∆pT after the ∑∆φ and ∆φ cuts.
52
9.4. MASS RECONSTRUCTION
0 1 2 3 4 5 6
E
v
e
n
ts
 /
 0
.1
 
0
5000
10000
15000
20000
25000
 (emb.)ττ →
*
γZ/
µµ ee/→
*
γZ/
ν l→W
Diboson
Top
Multijet
=20 x 5β=150, tanAm
Data 2012
had
τeτ
=8 TeVs, -1L dt = 20.3 fb∫
lep,METΦ∆+,MET
had
τΦ∆
0 1 2 3 4 5 6
D
a
ta
 /
 M
C
0.7
0.8
0.9
1
1.1
1.2
1.3 0 1 2 3 4 5 6
E
v
e
n
ts
 /
 0
.1
 
0
5000
10000
15000
20000
25000
 (emb.)ττ →
*
γZ/
µµ ee/→
*
γZ/
ν l→W
Diboson
Top
Multijet
=20 x 5β=150, tanAm
Data 2012
had
τµτ
=8 TeVs, -1L dt = 20.3 fb∫
lep,METΦ∆+,MET
had
τΦ∆
0 1 2 3 4 5 6
D
a
ta
 /
 M
C
0.7
0.8
0.9
1
1.1
1.2
1.3
Figure 9.7: ∑∆φ distribution for electron channel (left) and muon channel (right) after applying
event cleaning cuts, pre-selection cuts, the lepton (e,µ) isolation and the opposite sign (lep-τ)
requirement. Only statistical uncertainties are indicated by the shaded and yellow bands.
9.4 Mass Reconstruction
After applying all cuts in the analysis categories, the τlepτhad invariant mass distribution obtained
in data and simulated events is used to test the signal hypotheses against the background-only
hypothesis. But in case of searching for a resonance with two τ leptons in the final state accurate
reconstruction of the mass is challenging because of the presence of multiple neutrinos from τ
decays. The neutrino momenta can not be derived from the EmissT vector. To calculate the ττ
invariant mass of the system, in this analysis the Missing Mass Calculator (MMC) [105] method
is used. This algorithm is based on a requirement that the invariant mass of the neutrinos and the
visible decay products for each τ candidate is consistent with the τ lepton invariant mass, meaning
that the missing transverse momentum in an event is caused exclusively by the neutrinos from
the tau decay. The MMC algorithm scans the kinematically allowed phase space region using
a likelihood-based approach. The MMC mass, mMMC is then defined as the most likely value
chosen by weighting each solution according to probability density functions that are derived
from simulated tau lepton decays. The resolution for τlepτhad events is about 20% [37]. Compared
to other invariant mass methods, the MMC mass gives the best signal sensitivity, but takes a
significant amount of time (O(seconds)) per event for its calculation.
The mMMC distributions of the different analysis categories after applying all selection criteria
are presented separately for the electron and muon channel in Figure 9.13 for the b-veto category
and in Figure 9.14 for the b-tag category. In Figure 9.15 the high-mass category with electron and
muon channel combined is depicted. In all plots only statistical uncertainties are shown by the
shaded and yellow bands.
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Figure 9.8: Left: B-tagging score (”MV1”) for all jets in the event after applying event cleaning
cuts, pre-selection cuts, the lepton (e,µ) isolation and the opposite sign (lep-τ) requirement. Right:
Transverse mass mT in the b-veto selection after the ∑∆φ cut on the b-jet veto requirement. In both
distributions the electron and muon channel events are combined. Only statistical uncertainties are
indicated by the shaded and yellow bands.
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Figure 9.9: Reduction of muons from Z → µµ+jets by applying a muon veto cut. The MMC mass
before (left) and after (right) applying the veto is depicted. Only events in the muon channel b-veto
category are shown, because the requirement applies only there. Only statistical uncertainties are
indicated by the shaded and yellow bands.
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Figure 9.10: Transverse mass mT of lepton and missing energy vector in the b-tag category after
applying the b-tag requirement. In the analysis a cut on mT < 45 GeV will be placed to reduce
background from top-quark initiated processes. To estimate the top background a top-enhanced
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Figure 9.11: Transverse momentum of the 2nd leading jet (left) and the number of selected jets
(right) in the b-tag category after applying the b-tag and mT < 45 GeV criteria. In the analysis
any events with at least one additional jet (beside b-tagged leading jet) with pT > 30 GeV will be
rejected. In these plots electron and muon channel events are combined. Only statistical uncer-
tainties are indicated by the shaded and yellow bands.
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Figure 9.12: Two important variables of the high-mass category selection. On the left the ∆φ
distribution after the ∑∆φ requirement is shown. In the analysis a cut on ∆φ > 2.4 will be required.
On the right-hand side the ∆pT distribution is presented, after the ∑∆φ and ∆φ cuts. Here a cut
on ∆pT > 45 GeV will be placed. In both plots electron and muon channel are combined. Only
statistical uncertainties are indicated by the shaded and yellow bands.
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Figure 9.13: MMC mass, mMMC, with all selection criteria applied in the low-mass b-veto category
for the electron channel (left) and the muon channel (right). Only statistical uncertainties are
indicated by the shaded and yellow bands.
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Figure 9.14: MMC mass, mMMC, with all selection criteria applied in the low-mass b-tag category
for the electron channel (left) and the muon channel (right). Only statistical uncertainties are
indicated by the shaded and yellow bands.
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Figure 9.15: MMC mass, mMMC, with all selection criteria applied in the high-mass category.
Only statistical uncertainties are indicated by the shaded and yellow bands. Electron and muon
channels are combined.
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Chapter 10
Background Estimation
Due to the large cross sections of Standard Model processes compared to the production of MSSM
Higgs bosons, a good understanding and modelling of those backgrounds is crucial. The estima-
tion of the background contribution can be done by using Monte Carlo simulated samples, how-
ever, modelling the correct conditions of pp collisions occurring at the LHC is difficult. Therefore,
data-driven techniques are used wherever possible to either estimate the background directly from
data events or to correct event yields and/or shapes of the Monte Carlo predictions.
As explained in Chapter 7 the main backgrounds are QCD multi-jet events, Z → ττ+jets,
W → ℓν+jets, tt̄ and single top, Z → ee/µµ+jets and diboson events. Except for the QCD multi-
jet events, the nature of the backgrounds is depicted in Figure 10.1. While most of the Z → ττ+jets
background comes from the real di-tau final state similar to the signal, the other backgrounds
originate from jets and, to a lesser extent, electrons and muons, misidentified as tau leptons.
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Figure 10.1: Origin of the selected τhad for different background processes after the pre-selection
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is shown as well, but scaled by a factor of 5 for better visibility. The distribution is drawn with
decimal y-axis (left) and logarithmic scale (right). QCD multi-jet background it not shown due to
insufficient amount of events available in simulated samples.
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10.1 QCD Multi-jet Background
Events from QCD multi-jet processes may pass the analysis selection criteria in case both, τlep
and τhad, are originating from misidentified jets. Due to the very large cross section of QCD
multi-jet processes at the LHC, appropriate simulated samples are not available for this analysis.
Therefore the contribution of the multi-jet background is estimated directly from data with a two-
dimensional side-band method, referred to as ABCD method. This method uses requirements
on two variables to construct four regions by either applying or reversing each requirement. The
aim is to create regions with enriched QCD content and to extrapolate this information to the
signal region. Previous studies with ATLAS data [49] have suggested that suitable variables for
this purpose are the charge correlation between the τhad and the light lepton, and the isolation
requirement on the lepton. Region A is defined as the signal region, containing events passing
the opposite-sign (OS) requirement of the tau and light lepton charges and the lepton isolation as
described in the event selection in Chapter 9. In Region B events are included, where the lepton
must fail both, calorimeter and track, isolation criteria. Regions C and D are defined as same-sign
(SS) regions, demanding same charge for τhad and the light lepton. Regions B, C and D are also
named as control regions. An overview of the ABCD regions is given in Table 10.1. Beside the
mentioned changes to these two variables, all other selection criteria are applied unchanged.
Isolation Anti-Isolation
Opposite-Sign (OS) A (Signal region) B
Same-Sign (SS) C D
Table 10.1: Definition of the four regions of the ABCD method used for QCD multi-jet back-
ground estimation. The opposite-/same-sign requirement refers to the charge correlation of the
τhad and the light lepton, while the (anti-)isolation criteria applies to the lepton.
The final prediction for the multi-jet contribution in signal region A is done by extrapolating
the background-subtracted data and shape of region C, scaled by the opposite-sign to same-sign
ratio measured in region B and D:
NQCDA =
NB
ND
·NC ≡ rB,D ·NC
with rB,D defined as the OS/SS ratio. To extract the number of QCD events in the regions B,C
and D, remaining non-QCD content needs to be estimated and subtracted. This is done using
simulation, on which the same data-driven correction is applied as described later. The calculation
of the event yields in the control regions is performed separately for each of the analysis channels
and is listed in Tables 10.2, 10.3 and 10.4. The corresponding distributions are outlined in
Appendix B. The OS/SS ratio is listed in Table 10.5. The uncertainty on rB,D is the combined
uncertainty due to finite statistics of the MC samples and the statistical uncertainty of the data in
regions B and D. When performing the cross-checks of the QCD multi-jet predictions, the regions
B,C and D are assumed to be signal free. However a very small contribution could be seen and is
accounted for in the statistical procedure when calculating the final limits on the signal hypothesis.
The ABCD method is only valid in case the opposite-sign to same-sign ratio for QCD events is
independent of the lepton isolation. This has been tested [86] by splitting the anti-isolated regions
into sub-regions near and far away from the isolation threshold. The OS/SS ratio remains stable
within two times the statistical uncertainty. The systematic uncertainty on the QCD estimation
was obtained by performing the ABCD method with the changed isolation thresholds.
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low-mass b-veto category
electron channel muon channel
B C D B C D
Z → ττ+jets 447.2±10.0 379.9±10.4 8.9±1.4 341.8±7.8 320.0±19.5 3.6±0.8
W → ℓν+jets 109.3±9.2 3437.1±85.8 53.7±7.5 53.8±6.5 3665.8±87.8 21.2±4.9
top 26.5±3.5 137.3±5.6 15.3±2.0 21.0±3.5 133.8±6.0 17.4±4.6
Z → ℓℓ+jets 57.0±10.8 2585.1±75.2 21.4±5.5 6.0±1.6 1346.8±58.9 3.1±1.1
Diboson 2.4±0.6 114.0±4.7 1.3±0.4 4.2±1.1 100.9±4.5 0.6±0.4
Sum 642.4±17.7 6653.4±114.8 100.6±9.6 426.8±10.9 5567.3±107.8 45.9±6.9
Data 17721 17606 16107 10955 8232 9221
Table 10.2: Observed data events and expected number of events of non-QCD processes taken
from simulation in the control regions B,C and D. The regions are used to calculate the QCD
multi-jet background according to the ABCD method as detailed in the text. Correction factors
are already applied. The numbers are shown for the low-mass b-veto category.
low-mass b-tag category
electron channel muon channel
B C D B C D
Z → ττ+jets 5.5±1.2 5.9±1.1 0.9±0.6 4.8±0.9 4.1±0.8 0.4±0.3
W → ℓν+jets 2.5±1.7 57.7±9.0 0.0±0.0 3.5±2.0 68.4±9.4 0.0±0.0
top 6.7±1.2 18.7±2.1 1.3±0.5 2.0±0.6 21.9±2.3 1.5±0.6
Z → ℓℓ+jets 0.0±0.0 46.5±25.3 0.0±0.0 0.0±0.0 89.4±33.8 0.0±0.0
Diboson 0.5±0.5 3.5±1.0 0.0±0.0 0.1±0.1 1.7±0.6 0.0±0.0
Sum 15.2±2.4 132.3±26.6 2.2±0.8 10.4±2.3 185.5±35.1 1.9±0.6
Data 818 318 787 668 209 626
Table 10.3: Observed data events and expected number of events of non-QCD processes taken
from simulation in the control regions B,C and D. The regions are used to calculate the QCD
multi-jet background according to the ABCD method as detailed in the text. Correction factors
are already applied. The numbers are shown for the low-mass b-tag category.
high-mass category
B C D
Z → ττ+jets 11.2±2.1 5.9±1.4 0.5±0.5
W → ℓν+jets 8.0±2.2 64.1±20.2 0.4±0.3
top 4.9±0.8 14.8±1.8 4.0±1.0
Z → ℓℓ+jets 2.7±1.1 16.5±8.4 0.0±0.0
Diboson 0.0±0.0 6.3±1.2 0.3±0.3
Sum 26.8±3.3 107.6±22.0 5.2±1.2
Data 665 141 529
Table 10.4: Observed data events and expected number of events of non-QCD processes taken
from simulation in the control regions B,C and D. The regions are used to calculate the QCD
multi-jet background according to the ABCD method as detailed in the text. Correction factors
are already applied. The numbers are shown for the high-mass category with combined statistic
for electron and muon channel.
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electron channel muon channel
low-mass b-veto 1.067±0.012 1.148±0.017
low-mass b-tag 1.023±0.052 1.054±0.059
high-mass 1.218±0.073
Table 10.5: Opposite-sign to same-sign ratio, rB,D, for QCD multi-jet events measured in control
regions B and D. For the high-mass category statistics of electron and muon channel are combined.
The uncertainty quoted is the combined one due to finite statistics of the MC samples and the
statistical uncertainty of the data in regions B and D.
The OS/SS ratio may also depend on the invariant mass range, which is used to test the signal
hypotheses against the background-only hypothesis. Figure 10.2 shows the OS/SS ratio rB,D as
function of mMMC. A trend to lower ratios at higher masses can be observed, especially in the
muon channel for the veto category. The QCD multi-jet shape in region C after the subtraction
of electroweak backgrounds is corrected separately for each of the categories assuming a linear
dependence of the rB,D versus mMMC. The linear function in use can be seen in the insets of Fig-
ure 10.2.
10.2 Z → ττ Background
As described in Section 7.2.1 the Z → ττ background is estimated using a τ-embedded Z →
µµ hybrid sample. Due to technical reasons, the embedded sample does not contain the same
trigger information as used in this analysis. Additionally, the efficiency of various requirements
used in the analysis selection, e.g. lepton selection and identification criteria differs. Due to
this, the embedded sample is used to model the shapes of the distributions and relative selection
efficiencies but is then normalized to the prediction from Z → ττ simulation after the pre-selection
stage for each of the analysis categories and channels. A cross-check of the normalization is
exemplarily depicted in Figure 10.3 for mMMC, τ-pT and transverse mass for the muon channel
and in Figure 10.4 for EmissT and jet content for electron and muon channel combined. A sufficient
agreement is achieved and therefore the analysis selection criteria can be applied to the embedded
sample.
The embedded sample is in general background-free, because of the tight Z → µµ selection,
clean signature and high cross-section. Nevertheless, this is not necessarily the case after the
analysis selections are applied, e.g. the b-jet identification requirement, where statistics are quite
poor and contamination from tt̄ → WWbb → µµννbb events selected by the embedded sample
selection criteria may be large. A study [86] was performed using simulated tt̄ samples in order
to estimate the number of tt̄ events that pass the Z → µµ embedding selection criteria and sub-
sequent analysis criteria. A small contamination could be found with a non-negligible impact in
the low-mass b-tag and high-mass categories. Also this contamination is not flat over the whole
mMMC range and it becomes sizeable at high masses only in the tails of the distribution. There-
fore this contamination is taken into account as systematic uncertainty by assuming an additional
50% uncertainty for mMMC > 135 GeV in the tag-category, while for the high-mass category the
contamination is subtracted from the data and an uncertainty of the same size is applied [37]. In
Appendix C distributions of the tt̄ contamination in the embedded samples are shown. In addition,
a similar study has been conducted for possible contamination from di-boson events (ZZ,WW ),
where two muons could be passing the embedded sample selection criteria. There was some con-
tamination found, but much smaller than the rest of the uncertainties and therefore no additional
uncertainty is considered.
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Figure 10.2: The ratio of opposite-sign to same-sign QCD events measured in the anti-isolated
regions, as a function of the di-tau MMC mass for b-veto category electron (a) and muon (b)
channel, b-tag category electron (c) and muon (d) channel and for the high-mass category (d). In
the inset of each plot the ratio of the plotted quantity over its average value is plotted and fitted to
a 1st order polynomial.
10.3 W+jets and Top Background
Another main background source is coming from W → ℓν+jets events and top processes (tt̄ and
single-top), where a tau lepton is faked by a quark- or gluon-initiated jet. Because this fake rate
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Figure 10.3: Shape comparison of the embedded sample (black markers) to Z → ττ Monte Carlo
simulation (yellow area) for di-tau invariant mass mMMC (left), τ-pT (center) and transverse mass
mT after normalization of the embedded samples the simulation. The ratio between both samples
is shown in the inset with the yellow band indicating the statistical uncertainty. The distributions
are shown after the pre-selection for the muon channel. Comparisons for the electron channel
show similar agreements.
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Figure 10.4: Shape comparison of the embedded sample (black markers) to Z → ττ Monte Carlo
simulation (yellow area) for number of jets (left), jet b-tag score MV1 (center) and missing energy
EmissT after normalization of the embedded samples the simulation. The ratio between both samples
is shown in the inset with the yellow band indicating the statistical uncertainty. The distributions
are shown after the pre-selection for the muon channel. Comparisons for the electron channel
show similar agreements.
is not well modelled by simulation, the W+jets and top background are normalized to data using
well-defined control regions, where each of the backgrounds is enriched. The control regions
are separately defined for each of the three analysis categories, to take the different background
composition caused by the b-tag requirement and the high-mass selection into account and to
optimize the statistics in these regions. The same pre-selection as described in Section 9 is applied
to the control regions.
W+jets Control Region
To enrich the W+jets background, this control region is defined by requiring ∑∆φ to be above
3.6 (3.4) and EmissT above 30 (40) GeV for the low-mass (high-mass) category. To estimate the
background in the b-veto category, no presence of any b-tagged jet (70% MV1 working point) is
required. In the b-tag category, exactly two jets with pT below 60 GeV tagged as b-jets (one at 80%
and one at 70% MV1 working point) are required. In addition the pT-sum of all good jets with
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pT > 20 GeV must be below 100 GeV. For the high-mass W background estimation a veto on any
b-tagged jet is applied and the pT of the selected tau lepton must be above 85 GeV. In Figure 10.5
the EmissT distribution in the low-mass control region and tau-pT in the high-mass control region is
depicted. A sufficient purity of W+jets events is achieved in these control regions, as exemplarily
shown in Figure 10.6 for the low-mass muon channel and the high-mass combined channel. To
estimate the Z → ττ background the embedding sample was used, except for the tag-category,
because of the insufficient modelling of the presence of two b-jets. Here the Z → ττ background
from simulation is used.
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embedded sample and Z → ee/µµ are already applied.
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Figure 10.6: Di-tau invariant mass mMMC after applying all criteria to estimate the W+jets back-
ground in the low-mass b-veto (left) and b-tag (center) category for the muon channel and for the
high-mass category (right) with electron and muon channel combined. Note that scale factors for
the Z → ττ embedded sample and Z → ee/µµ are already applied, except for the b-tag category,
where Z → ττ background is used from simulation instead. The ratio between data and simulation
is shown in the inset with the yellow band indicating the statistical uncertainty.
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Top Control Region
For the top-quark induced background, at least one jet tagged as b-jet with pT above 30 GeV is
required. Also the transverse mass must be above 60 GeV and EmissT > 20 GeV. In the low-mass
categories in addition the pT-sum of all good jets with pT > 20 GeV must be at least 150 GeV
with the leading jet having pT > 60 GeV. The distributions of mT and lead jet pT are depicted
in Figure 10.7. In the high-mass channel beside the b-jet requirement and the cuts on mT and
EmissT only an extra criterion on tau lepton pT greater than 85 GeV is placed. A very good purity
of top-quark induced backgrounds is achieved in these control regions as shown in Figure 10.8
for the low-mass and high-mass category. In contrast to the usual procedure using the embedding
sample for the Z → ττ background, here the Z → ττ background from simulation is used.
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Figure 10.7: Left: The transverse mass mT after the b-tag requirement is shown. To further enrich
top content and reduce other backgrounds a cut mT > 60 GeV will be placed.
Right: pT distribution of the leading jet after the b-tag, mT and E
miss
T requirement. To suppress
W+jet background, lead jet pT above 60 GeV will be required in the low-mass category. Note that
scale factors for the Z → ee/µµ are already applied.
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Figure 10.8: Di-tau invariant mass mMMC after applying all criteria to estimate the top-quark
induced background in the low-mass category for the electron (left) and muon channel (center)
and the high-mass category (right). Note that scale factors for the Z → ee/µµ are already applied.
The ratio between data and simulation is shown in the inset with the yellow band indicating the
statistical uncertainty.
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Calculation of the Scale Factors
As shown in Figure 10.6 and, to a lesser extent, in Figure 10.8 there is a non-negligible contamina-
tion of top (W+jets) background in the W (top) control region. Considering this, the normalization
of the W and top background is performed as following: First, in each of the regions the remaining
background is subtracted from data obtaining the event yields for the W and top background in
their control regions (CR). Then the scale factors, denoted as kW and kt , are derived by solving the
following equations [86]:
NW−CRData −N
W−CR
other = kW ·N
W−CR
W + kt ·N
W−CR
t
Ntop−CRData −N
top−CR
other = kW ·N
top−CR
W + kt ·N
top−CR
t .
The scale factors obtained show no significant difference between muon and electron channel in
the low-mass category. Therefore, combined factors are calculated by using statistics from both
channels. Due to the sensitivity on the quark/gluon-origin, the rate at which jets are misidentified
as tau leptons differs in the opposite-sign and same-sign regions used in the ABCD method for the
QCD multi-jet estimation. For that reason, the W and top background scale factors are calculated
separately for opposite-sign and same-sign regions. The scale factors are listed in Table 10.6.
low-mass b-veto low-mass b-tag high-mass
W+jets (kW ) Opposite-sign 0.84±0.01 1.16±0.11 0.63±0.06
Same-sign 1.05±0.02 1.06±0.16 0.80±0.15
top (kt) Opposite-sign 0.96±0.03 0.95±0.03 0.90±0.06
Same-sign 1.03±0.05 1.02±0.06 1.01±0.23
Table 10.6: Scale factors kW and kt used for the normalization of the W and top backgrounds.
Uncertainties given are only statistical.
10.4 Z+jets Background
To estimate Z → ee/µµ+jets background, where the τ is faked by an associated jet of this process,
a dedicated control region is defined to select two same-flavour leptons. Therefore, in contrast to
the pre-selection, the di-lepton veto is not applied, but instead two isolated, same-flavour leptons
with opposite charge are required. The tau lepton selection remains unchanged. In addition the
visible mass of the two leptons must be around the mass of the Z boson, 70 < mvis < 110 GeV. No
further criteria are necessary for the b-veto category. To estimate the Z+jets background in the b-
tag category, at least one b-jet with pT > 30 GeV is required. For the high-mass category instead,
the same cut as in the signal region on transverse tau momentum to be above 85 GeV is used. With
this selection applied, a sufficiently clean Z+jets control region is achieved as shown in Figure 10.9
for the low-mass and high-mass categories. The scale factors are listed in Table 10.7. No difference
was observed between electron and muon channel in the low-mass category. Therefore, combined
factors are calculated by using statistics from both channels. Due the nature of the selection the
same scale factors are applied in the same-sign region of the ABCD method of the QCD multi-jet
estimation.
10.5 Other Backgrounds
For Z → ee/µµ events where a τhad lepton might be faked by an electron a systematic uncertainty
on the tau electron veto is applied. In case a muon might fake a hadronic tau, a shape systematic is
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Figure 10.9: Di-tau invariant mass mMMC after applying all criteria to estimate the Z+jets back-
ground for jets faking tau leptons in the low-mass b-veto category (left) and b-tag (center) category
and the high-mass category (right). The ratio between data and simulation is shown in the inset
with the yellow band indicating the statistical uncertainty.
low-mass b-veto low-mass b-tag high-mass
Z+jets 0.78±0.01 1.49±0.12 0.63±0.05
Table 10.7: Scale factors used for the normalization of the Z+jets background. Uncertainties given
are only statistical.
derived from simulation [86]. Background contributions from diboson production, like WW , WZ
and ZZ are taken from simulation.
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Chapter 11
Systematic Uncertainties
In this chapter the systematic uncertainties affecting the obtained event yields for signal and back-
ground are discussed. They are related to two groups: systematic uncertainties due to the ex-
perimental set up of the analysis, e.g. the background estimation techniques or detector-related
uncertainties, and systematic uncertainties related to theoretical constraints. The systematic un-
certainties are then used in the statistical analysis described in Chapter 12.
11.1 Experimental Systematic Uncertainties
Summaries of the systematic uncertainties related to the analysis set up are listed in Ta-
bles 11.2, 11.3 for the low-mass b-veto categories, Tables 11.4, 11.5 for the b-tag categories and
in Table 11.6 for the high-mass selection. In the following the systematics are described in detail.
11.1.1 Background Estimation
The various backgrounds are estimated by normalization to data using control regions as described
in Chapter 10. The stability of these methods is tested and differences observed are applied as
systematic uncertainties.
Z → ττ Embedding Sample
For the Z → ττ embedding sample uncertainties arise from the embedding technique. As described
in 7.2.1 the selection of the Z → µµ events requires two isolated muons. Because many τhad
identification variables rely on calorimeter or track information around the tau axis in the core
cone or isolation cone, the isolation requirement on the muons was very loose to prevent any side
effects. To test the impact of this decision, embedding sub-samples with no isolation and tight
isolation for the muon were created, the analysis selection applied and the difference taken as
systematic uncertainty (”Embed. isolation”).
Another test was done for the procedure when the cell energies deposited by the muons are
removed from the original data events. Again, τhad identification variables as well as the τhad
four-momentum depend on calorimeter properties. Embedding samples with modified cell energy
subtraction (±30%) were created and passed to the analysis selection. A systematic uncertainty
”Embed. cell energy” is applied. In the b-veto category an effect on the mMMC mass is observed
for both variations and was considered as shape systematics.
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QCD Multi-jet Control Region
As described, the QCD multi-jet estimation using the ABCD method is sensitive to the depen-
dence of the opposite-/same-sign ratio rB,D on the lepton isolation. The uncertainty on the QCD
estimation, in the tables referred to ”QCD control region”, was obtained by performing the ABCD
method with the changed isolation thresholds and ranges from 6.9% for the veto category in the
electron channel up to 26% for the high-mass category. To account for the dependence of rB,D on
the mMMC the QCD shape was corrected using a 1
st order polynomial fit and a shape uncertainty
was applied using the fit errors.
W+jets, Top and Z+jets Control Regions
The construction of the W control region to estimate the W+jets background is mainly based on
the criteria placed on ∑∆φ Ṫo test this, an alternative region using the intermediate range 3.3 <
∑∆φ < 3.8 was defined. The difference in the scale factor obtained in this region is applied as a
systematic uncertainty (”W control region”) and is 7% for the high-mass category and between
11% and 19% for the low-mass category.
The top background consists of a mixture of true hadronic tau leptons from the W decay and tau
leptons faked by a jet. This fake rate must be similar in the signal and control regions. However,
the top control regions requires at least one identified b-jet, which therefore can not fake a tau.
This is in contrast to the veto and high-mass signal regions, which don’t require such criterion.
To test the impact of the number of b-jets on the fake rate, an alternative top control region was
defined by asking for two b-tagged jets. The difference in the scale factor obtained in this region
is applied as a systematic uncertainty (”Top control region”) and is between 0.1 and 3%.
To test the Z+jets background prediction, where a tau is faked by a jet, alternative control re-
gions were defined by loosening the visible mass window to 60 < mvis < 120 GeV. The difference
is up to 2.6% and applied as a systematic uncertainty (”Z control region”). In case of events where
a τhad lepton is faked by an electron a systematic uncertainty (”e-to-τhad fake rate”) on the tau
electron veto is applied. In case a muon might fakes a hadronic tau decay, a shape systematic is
derived from simulation [86].
11.1.2 Detector-related Uncertainties
Detector-related systematic uncertainties arise mainly from reconstruction and identification effi-
ciencies of the different particles or their interactions.
Luminosity
The uncertainty on the integrated Luminosity is 2.8% [59].
Trigger Efficiency
The systematic uncertainties (”Trigger efficiency”) on the single-electron and single-muon trigger
efficiencies are up to ≈ 2% [106, 107].
Electron Reconstruction
The measurement of electrons are affected by different systematic uncertainties. The uncertainties
on the calibration of the electron energy scale is found to be below 1% and the relative uncertainty
on the energy resolution is better than 10% [108]. The uncertainty on the electron reconstruction
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and identification efficiency is about 1-2% [66]. The scale factors for the electron isolation re-
quirement are parametrized in pT and are varied between ±0.6% and ±1.2% depending on the
electron-pT. All four variations were tested with the analysis selection and combined in a single
”Electron ID + energy” systematic uncertainty for each of the samples.
Muon Reconstruction
For muons, the momentum scale for combined muons is known with an uncertainty below 1%
and the resolution is reproduced within relative uncertainties of 3% to 10% depending on η and
pT [68]. The uncertainty on the muon identification efficiency is about 1%. Scale factors for the
muon isolation requirement are parametrized in muon pT and number of primary vertices and are
varying about ±1%. All three systematic uncertainties were combined in a single ”Muon ID +
momentum” systematic uncertainty for each of the samples.
Tau Identification and Energy Scale
The reconstructed τhad energy scale uncertainty is measured to be about 24% [78] depending on
pT, η and number of associated tracks. The measurement is performed by propagating single-
particle responses to the individual τhad decay products. The τhad offline identification efficiency
is measured using Z → ττ tag-and-probe measurements. The uncertainties on the offline τhad
identification efficiency are about 23% for 1-prong and 45% for 3-prong tau leptons. Both uncer-
tainties, ”Tau Energy Scale” and ”Tau ID” are applied to all samples.
Jet Energy Scale and Resolution
The measurements of the jet energy scale (JES) and ”jet energy resolution” and their uncertainties
are described in [69, 109]. The uncertainty on the JES is composed of various sources:
• Systematic uncertainties associated with the b-jet energy measurement: ”JES B-Jets”
• The composition of quarks and gluons and their response may differ in data and simulation
and therefore the energy scale for quark-/gluon-originated jets might be different: ”JES
Flavor Composition”, ”JES Flavor Response”
• The jet energy scale depends on the number of primary vertices and is affected by pile-up:
”JES Pileup”
• Uncertainties arising from dependencies on η especially the calibration modelling at high
η ”JES Eta Modelling”
• Uncertainties due to theory predictions: ”JES Modelling”
The correction terms are mostly binned in jet-pT, η and/or number of primary vertices in the event.
The energy of each selected jet in the event is shifted up/down by the corresponding uncertainty.
The selection of jets in the analysis uses a cut on the jet vertex fraction. The efficiency of this
criterion depends on jet-pTand η and an uncertainty (”Jet Vertex Fraction”) of a few percent is
observed.
The b-jet identification affects the entire analysis because the definition of the low-mass cate-
gories b-tag and veto relies on the presence of a b-jet. In addition the top control region is defined
via a b-jet requirement. The uncertainty on the ”b-jet tagging efficiency” is measured to be about
2-3% for jets with pT between 3 and 100 GeV [110].
Because the Z → ττ embedded sample is created from real data, no jet-related systematic
uncertainties are applied for this sample.
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Missing Transverse Energy
When calculating the EmissT vector the energy scale uncertainties of electrons, muons, τhad and jets
are propagated. However, there is a dedicated systematic uncertainty on the ”MET” measurement.
This systematic uncertainty on the scale and the resolution of the EmissT is considered and is found
to be of the order of a few percent [77].
Pileup
As described in Chapter 9, re-weight factors to the average interactions per bunch crossing are
applied to simulated samples to improve the agreement with data conditions. The baseline factor
of the re-weighting is 1.11 which is shifted up/down by 2.7% (absolute value: 0.03) to obtain the
systematic uncertainty ”Pileup”.
11.2 Theoretical Systematic Uncertainties
Signal Samples
Uncertainties on the MSSM Higgs Boson signal cross-section are in the range 10-15% for gluon-
fusion and about 15-20% for b-associated production mode and were elaborated in detail in [36].
The uncertainty on the signal acceptance is evaluated by varying factorisation and renormalisation
scale parameters, choices of the parton distribution function, and the matching of the partons used
in fixed-order calculation and the parton shower. Monte Carlo samples with the varied parameters
and at different mA mass points were produced and the effect on kinematic cuts placed on tau
leptons, electrons, muons and jets were studied at truth-level. A summary of the signal acceptance
uncertainties is listed in Table 11.1.
b-veto b-tag high-mass
b-associated production 3.5 13 2.4
gluon-fusion 0.8 20 0.7
Table 11.1: Summary of the signal acceptance uncertainty (in %) composed of uncertainties ob-
tained in simulated signal samples with mA = 90,120,200,450,700 GeV [86].
Background Samples
Most of the backgrounds are normalized to data and therefore not exposed to uncertainties of the-
oretical predictions. For the remaining ones, the cross-section uncertainty needs to be considered.
The diboson background was not normalized to data due to its lesser importance compared to
other backgrounds. The diboson cross-section uncertainty was estimated to be about ±6%. Also
Z → ee/µµ background, in cases an electron or muon fakes a tau lepton, was not normalized.
In contrast to this, the embedded samples were normalized to the Z → ττ prediction taken from
simulation. For both, the uncertainty on the Z boson production cross section was considered and
found to be about ±5%. The acceptance uncertainties are estimated in the same way as for signal
and are about ±3% for Z → ee/µµ and (+4,−5.6)% for Z → ττ .
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low-mass b-veto category, electron channel
Systematic uncertainty Z → ττ QCD W+jets Z → ℓℓ Top Diboson Signal
b-jet tagging efficiency - 0.2 0.0 0.2 0.5 0.9 0.4
Jet Energy Resolution - 0.3 0.8 1.3 1.6 0.9 0.1
JES B-Jets - 0.0 0.1 0.1 2.9 0.0 0.0
JES Eta Modelling - 1.2 2.2 0.9 2.1 0.8 0.6
JES Flavor Composition - 1.6 3.3 1.4 2.6 1.7 0.2
JES Flavor Response - 0.9 1.7 0.8 1.9 1.2 0.3
JES Modelling - 1.3 2.5 1.2 3.3 1.7 0.2
JES Pileup - 0.7 1.2 0.5 1.6 1.0 0.2
Jet Vertex Fraction - 0.0 0.0 0.0 0.6 0.0 0.1
MET 0.1 0.4 0.3 0.3 1.1 0.4 0.4
Pileup - 0.2 0.4 0.5 0.1 0.3 0.7
Electron ID + energy 0.1 0.7 0.7 1.0 0.7 1.5 1.5
Muon ID + momentum 0.0 0.6 0.6 0.6 0.7 0.0 0.0
Tau ID 3.5 0.5 0.2 0.0 0.2 1.9 3.3
Tau Energy Scale 3.4 0.4 0.1 1.0 1.4 3.9 2.1
e-to-τhad fake rate 0.0 0.4 0.2 16.2 0.0 0.3 0.0
Trigger efficiency 1.2 0.1 0.5 0.4 0.4 1.0 1.0
Embed. isolation 0.0 - 0.0 0.0 0.0 0.0 0.0
Embed. cell energy 0.1 - 0.0 0.0 0.0 0.0 0.0
QCD control region - 6.9 - - - - -
Top control region - - - - 1.2 - -
W control region - - 11.0 - - - -
Z control region - - - 0.2 - - -
Luminosity 2.8 - - 2.8 - 2.8 2.8
Table 11.2: Overview of the experimental systematic uncertainties for the b-veto, electron channel
category. The signal refers to gluon-fusion Higgs production with mA = 150 GeV and tanβ = 20.
Values are given in %. In case a systematic uncertainty is asymmetric the maximum value is listed.
When no value is given, the systematic is not applied to this sample.
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low-mass b-veto category, muon channel
Systematic uncertainty Z → ττ QCD W+jets Z → ℓℓ Top Diboson Signal
b-jet tagging efficiency - 0.3 0.0 0.2 0.3 0.8 0.3
Jet Energy Resolution - 1.9 0.7 0.1 0.1 1.4 0.6
JES B-Jets - 0.2 0.1 0.0 2.1 0.0 0.0
JES Eta Modelling - 3.9 2.3 0.9 1.5 0.7 0.1
JES Flavor Composition - 4.5 2.7 1.0 2.3 1.6 0.3
JES Flavor Response - 3.0 1.8 0.8 1.4 0.7 0.1
JES Modelling - 3.1 2.3 1.1 2.4 1.3 0.3
JES Pileup - 2.5 1.2 0.6 1.5 0.5 0.1
Jet Vertex Fraction - 0.1 0.0 0.0 0.4 0.0 0.0
MET 0.0 1.9 0.4 0.6 0.5 0.8 0.7
Pileup - 1.2 0.2 0.2 0.0 0.2 0.0
Electron ID + energy 0.0 1.1 0.7 0.5 0.7 0.1 0.0
Muon ID + momentum 0.0 0.5 0.6 0.3 0.6 1.2 1.1
Tau ID 3.5 0.6 0.2 0.0 0.2 1.9 3.3
Tau Energy Scale 3.4 1.7 1.1 2.1 1.0 4.9 2.3
e-to-τhad fake rate 0.0 0.0 0.2 0.0 0.0 0.0 0.0
Trigger efficiency 1.3 0.7 0.3 1.0 0.4 1.8 1.8
Embed. isolation 0.2 - 0.0 0.0 0.0 0.0 0.0
Embed. cell energy 0.2 - 0.0 0.0 0.0 0.0 0.0
QCD control region - 16.8 - - - - -
Top control region - - - - 1.2 - -
W control region - - 11.0 - - - -
Z control region - - - 0.2 - - -
Luminosity 2.8 - - 2.8 - 2.8 2.8
Table 11.3: Overview of the experimental systematic uncertainties for the b-veto, muon channel
category. The signal refers to gluon-fusion Higgs production with mA = 150 GeV and tanβ = 20.
Values are given in %. In case a systematic uncertainty is asymmetric the maximum value is listed.
When no value is given, the systematic is not applied to this sample.
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low-mass b-tag category, electron channel
Systematic uncertainty Z → ττ QCD W+jets Z → ℓℓ Top Diboson Signal
b-jet tagging efficiency - 0.7 5.2 5.4 0.7 14.6 11.4
Jet Energy Resolution - 2.3 9.4 6.1 0.2 3.1 1.1
JES B-Jets - 1.6 5.9 0.3 5.8 0.1 3.0
JES Eta Modelling - 1.0 9.8 4.4 5.8 4.6 4.9
JES Flavor Composition - 0.8 10.0 9.2 7.8 5.7 0.2
JES Flavor Response - 1.1 7.2 6.4 5.4 6.0 1.5
JES Modelling - 2.6 11.6 6.4 8.4 6.1 1.4
JES Pileup - 1.7 7.4 5.8 4.5 6.0 2.0
Jet Vertex Fraction - 1.5 2.2 0.2 0.5 2.9 0.0
MET 0.0 3.3 1.7 0.3 1.0 6.1 2.8
Pileup - 0.4 0.9 0.7 0.5 0.7 0.7
Electron ID + energy 0.7 3.4 0.8 0.6 1.2 1.4 3.6
Muon ID + momentum 0.2 0.1 0.7 1.1 0.7 0.0 0.0
Tau ID 3.6 0.2 0.4 0.0 0.6 1.6 3.4
Tau Energy Scale 4.4 3.4 0.9 5.9 0.7 4.6 8.1
e-to-τhad fake rate 0.2 0.0 0.3 8.6 0.1 0.0 0.0
Trigger efficiency 1.5 0.0 0.5 0.1 0.4 1.0 1.0
Embed. isolation 0.5 - 0.0 0.0 0.0 0.0 0.0
Embed. cell energy 0.2 - 0.0 0.0 0.0 0.0 0.0
QCD control region - 7.5 - - - - -
Top control region - - - - 0.1 - -
W control region - - 19.0 - - - -
Z control region - - - 2.6 - - -
Luminosity 2.8 - - 2.8 - 2.8 2.8
Table 11.4: Overview of the experimental systematic uncertainties for the b-tag, electron channel
category. The signal refers to b-associated Higgs production with mA = 150 GeV and tanβ = 20.
Values are given in %. In case a systematic uncertainty is asymmetric the maximum value is listed.
When no value is given, the systematic is not applied to this sample.
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low-mass b-tag category, muon channel
Systematic uncertainty Z → ττ QCD W+jets Z → ℓℓ Top Diboson Signal
b-jet tagging efficiency - 0.6 2.9 5.5 0.4 15.4 13.7
Jet Energy Resolution - 0.2 12.7 2.8 3.4 10.0 4.0
JES B-Jets - 1.9 6.7 0.2 3.6 1.5 3.8
JES Eta Modelling - 1.4 8.7 10.3 5.2 1.9 0.4
JES Flavor Composition - 2.6 11.7 11.5 7.1 8.9 3.9
JES Flavor Response - 1.9 7.8 15.3 4.3 3.4 2.6
JES Modelling - 2.4 19.7 11.6 6.2 1.7 3.8
JES Pileup - 6.0 8.6 14.1 3.8 3.4 3.8
Jet Vertex Fraction - 0.7 1.0 0.2 0.9 0.0 0.0
MET 0.0 3.2 2.3 3.0 0.6 3.9 1.5
Pileup - 0.1 0.9 0.8 0.6 1.1 0.7
Electron ID + energy 0.1 0.3 1.7 0.9 0.8 0.0 0.0
Muon ID + momentum 0.1 0.1 0.5 0.2 0.5 1.1 1.1
Tau ID 3.6 0.2 0.4 0.0 0.6 1.8 3.1
Tau Energy Scale 4.8 2.2 5.4 5.0 1.2 9.5 6.7
e-to-τhad fake rate 0.1 0.0 0.3 0.0 0.1 0.0 0.0
Trigger efficiency 1.5 0.1 0.2 1.6 0.3 1.8 1.8
Embed. isolation 0.7 - 0.0 0.0 0.0 0.0 0.0
Embed. cell energy 1.4 - 0.0 0.0 0.0 0.0 0.0
QCD control region - 9.1 - - - - -
Top control region - - - - 0.1 - -
W control region - - 19.0 - - - -
Z control region - - - 2.1 - - -
Luminosity 2.8 - - 2.8 - 2.8 2.8
Table 11.5: Overview of the experimental systematic uncertainties for the b-tag, muon channel
category. The signal refers to b-associated Higgs production with mA = 150 GeV and tanβ = 20.
Values are given in %. In case a systematic uncertainty is asymmetric the maximum value is listed.
When no value is given, the systematic is not applied to this sample.
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high-mass category, electron and muon channel
Systematic uncertainty Z → ττ QCD W+jets Z → ℓℓ Top Diboson Signal
b-jet tagging efficiency - 0.7 0.6 0.0 13.4 0.0 0.0
Jet Energy Resolution - 5.8 1.1 2.8 0.8 3.8 0.2
JES B-Jets - 3.5 0.6 0.0 0.3 0.0 0.1
JES Eta Modelling - 6.5 0.9 3.4 0.8 1.2 0.3
JES Flavor Composition - 8.0 2.7 4.3 0.8 1.3 0.2
JES Flavor Response - 10.0 1.0 3.0 0.5 1.3 0.2
JES Modelling - 6.0 1.6 2.9 0.4 1.3 0.2
JES Pileup - 2.7 0.6 0.1 0.5 1.2 0.2
Jet Vertex Fraction - 0.1 0.0 0.0 0.0 0.0 0.0
MET 0.1 9.2 0.7 0.1 0.7 0.6 0.1
Pileup - 0.9 1.3 2.0 0.3 0.7 0.4
Electron ID + energy 0.7 8.3 0.8 2.0 0.6 1.9 0.7
Muon ID + momentum 0.2 0.2 0.1 0.3 0.1 0.7 0.6
Tau ID 3.7 2.1 0.5 0.1 0.0 2.6 3.6
Tau Energy Scale 10.2 3.2 4.0 12.9 1.6 8.6 4.5
e-to-τhad fake rate 0.2 0.1 1.0 7.7 0.3 0.0 0.0
Trigger efficiency 1.5 0.7 0.3 0.7 0.0 1.5 1.4
Embed. isolation 4.0 - 0.0 0.0 0.0 0.0 0.0
Embed. cell energy 1.5 - 0.0 0.0 0.0 0.0 0.0
QCD control region - 26.0 - - - - -
Top control region - - - - 3.0 - -
W control region - - 7.0 - - - -
Z control region - - - 0.4 - - -
Luminosity 2.8 - - 2.8 - 2.8 2.8
Table 11.6: Overview of the experimental systematic uncertainties for the high-mass category.
The signal refers to b-associated Higgs production with mA = 350 GeV and tanβ = 40. Values are
given in %. In case a systematic uncertainty is asymmetric the maximum value is listed. When no
value is given, the systematic is not applied to this sample.
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Chapter 12
Results and Statistical Analysis
12.1 Results
The different steps of the analysis as described in the previous chapters – the event selection
with event cleaning and pre-selection, data-driven background estimation and implementing the
different systematic uncertainties – are subsequently executed for the low-mass b-veto and b-tag
category and the high-mass category. For the low-mass categories the analysis is kept divided into
electron and muon channel, while in the high-mass category the channels are statistically com-
bined. The final discriminating variable in the search for MSSM Higgs bosons is the di-tau in-
variant mass mMMC computed with the missing mass calculator approach described in Section 9.4.
The observed data events and expected event yields for the Standard Model backgrounds as well as
for MSSM Higgs signals in the different analysis categories are listed in Tables 12.1 and 12.2 for
the low-mass b-veto channels and in Tables Table 12.3, 12.4 for the b-tag channels. Event yields
for the high-mass category are listed in Table 12.5. The definition of the analysis categories and
related requirements are given in Section 9. The background was estimated as described in Sec-
tion 10. Note that the event yields given for the pre-selection requirements differ for most of the
backgrounds, because the scale factors for the background estimation obtained in the individual
categories were consistently applied also to the pre-selection event yields.
The final distributions of mMMC after all steps are shown for the low-mass b-veto category
in Figure 12.1 and for b-tag in Figure 12.2. The signal shown in these plots corresponds to mA =
150 GeV and tanβ = 20. The high-mass category is depicted in Figure 12.3 with a signal at
mA = 350 GeV and tanβ = 40. In all cases the signal is a mixture of gluon-fusion and b-associated
production mode with the cross-section scaled properly to the contribution of h0, H0 and A0 at the
specific mass point. The yellow band in the insets indicates the statistical uncertainty, while the
orange band shows the systematic uncertainty as described in Chapter 11. The binning in these
plots is chosen for better visibility and is different than the one used1 in the limit calculation.
1To obtain exclusion limits, the binning of the mMMC distributions is chosen according requirements like signal-to-
background ratio, prevention of empty bins and sensitivity of the analysis channel. For the low-mass b-veto category
the binning is: 0, 20, 40, 50 to 150 in 5 GeV steps, 160, 170, 180, 200, 225, 250, 300, 1000 GeV. For the b-tag category
it is: 0, 50, 70, 80, 90 to 135 in 5 GeV steps, 140, 150, 160, 170, 180, 200, 250, 320, 1000 GeV. For the high-mass
category the following binning is used: 0, 160, 172, 180, 186, 194, 200, 206, 212, 218, 224, 230, 236, 242, 248, 256,
264, 274, 280, 288, 296, 306, 314, 324, 332, 348, 362, 374, 392, 408, 440, 468, 492, 542, 630, 776, 1000 GeV. The first
and the last number represents the lowest and upper border of the mMMC distributions.
79
CHAPTER 12. RESULTS AND STATISTICAL ANALYSIS
low-mass b-veto category, electron channel
Pre-selection ∑∆φ < 3.3 no b-tagged jet 0 < mT < 60 GeV
Z → ττ+jets 47516.0±110.7 33755.2±94.1 32944.8±92.8 31743.7±91.0
W → ℓν+jets 59693.6±304.9 19118.2±148.3 18760.4±147.4 9083.8±105.7
top 7459.2±37.8 4591.9±29.8 1000.3±14.3 529.8±10.3
Z → ℓℓ+jets 12018.2±165.1 6773.9±122.6 6714.3±122.5 5936.2±116.0
Diboson 1952.2±20.9 912.2±14.1 864.4±13.7 476.1±10.2
QCD 24018.0±442.5 13647.9±244.2 13326.7±241.2 11814.6±206.7
gg → A 1329.5±31.9 942.1±26.5 920.7±26.2 826.9±25.2
bb̄A 2843.0±76.3 1920.7±63.0 1565.2±56.9 1358.8±53.1
Data 152489 79239 73939 60363
Table 12.1: Observed data events and expected event yields for the Standard Model backgrounds
and MSSM Higgs signal with mA = 150 GeV and tanβ = 20 assuming the m
max
h scenario. The
statistical uncertainty is given. Numbers are shown for the electron channel of the low-mass b-veto
category.
low-mass b-veto category, muon channel
Pre-selection ∑∆φ < 3.3 no b-tagged jet 0 < mT < 60 GeV muon-fake veto
Z → ττ+jets 58410.4±104.0 41396.9±89.5 40498.7±87.2 38936.3±85.4 38308.9±84.9
W → ℓν+jets 65920.1±316.6 20692.5±162.0 20309.8±161.1 9959.5±119.1 9808.2±119.1
top 7606.7±38.5 4653.9±30.0 1002.3±14.4 524.2±10.5 519.2±10.4
Z → ℓℓ+jets 10847.5±186.6 6033.5±120.1 5994.6±119.9 5088.5±112.9 2905.4±89.6
Diboson 2091.8±22.0 974.3±14.9 923.1±14.5 481.4±10.3 477.3±10.3
QCD 5907.7±363.2 4017.2±190.1 3857.3±182.2 3556.9±163.3 3500.9±160.7
gg → A 1395.3±33.4 1016.3±28.3 995.3±28.0 858.7±26.0 829.5±25.6
bb̄A 2793.4±75.0 1905.6±62.3 1538.4±55.7 1365.1±52.8 1321.2±51.9
Data 147666 76277 71326 57644 54715
Table 12.2: Observed data events and expected event yields for the Standard Model backgrounds
and MSSM Higgs signal with mA = 150 GeV and tanβ = 20 assuming the m
max
h scenario. The
statistical uncertainty is given. Numbers are shown for the muon channel of the low-mass b-veto
category.
low-mass b-tag category, electron channel
Pre-selection one b-tagged jet 0 < mT < 45 GeV 2
nd jet veto
Z → ττ+jets 47516.0±110.7 1043.5±17.6 792.2±15.2 393.0±9.9
W → ℓν+jets 83053.6±424.3 1156.2±45.5 295.9±16.8 158.6±13.1
top 7367.5±37.4 5694.3±32.5 1733.3±18.2 233.7±6.9
Z → ℓℓ+jets 16986.2±242.4 165.6±13.1 75.1±9.2 38.0±7.8
Diboson 1952.2±20.8 89.0±4.6 26.8±2.3 9.3±1.4
QCD 18793.4±481.2 833.9±50.0 458.0±30.2 263.6±18.9
gg → A 1329.5±31.9 25.1±4.1 17.2±3.3 6.5±2.3
bb̄A 2843.0±76.3 461.3±30.5 340.5±26.4 229.9±21.9
Data 152489 8707 3236 1067
Table 12.3: Observed data events and expected event yields for the Standard Model backgrounds
and MSSM Higgs signal with mA = 150 GeV and tanβ = 20 assuming the m
max
h scenario. The
statistical uncertainty is given. Numbers are shown for the electron channel of the low-mass b-tag
category.
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low-mass b-tag category, muon channel
Pre-selection one b-tagged jet 0 < mT < 45 GeV 2
nd jet veto
Z → ττ+jets 58410.4±104.0 1160.0±22.7 874.4±21.4 438.9±19.2
W → ℓν+jets 91716.7±440.5 1241.7±35.0 327.4±18.3 185.2±15.1
top 7513.1±38.0 5816.3±33.1 1737.2±17.7 242.9±7.1
Z → ℓℓ+jets 14593.7±247.3 138.7±16.2 70.5±11.4 42.5±11.0
Diboson 2091.8±22.0 96.0±4.8 28.5±2.5 10.3±1.4
QCD 3472.9±295.6 551.0±42.0 316.2±25.8 165.3±14.9
gg → A 1395.3±33.4 21.0±3.6 15.0±3.0 4.0±1.3
bb̄A 2793.4±75.0 457.7±30.9 317.6±25.4 233.0±22.2
Data 147666 8202 3086 945
Table 12.4: Observed data events and expected event yields for the Standard Model backgrounds
and MSSM Higgs signal with mA = 150 GeV and tanβ = 20 assuming the m
max
h scenario. The
statistical uncertainty is given. Numbers are shown for the muon channel of the low-mass b-tag
category.
high-mass category, electron and muon channel
Pre-selection ∑∆φ < 3.3 ∆φ(τhad, lepton)> 2.4 ∆pT > 45 GeV
Z → ττ+jets 105926.4±151.9 75152.1±129.9 61313.5±110.9 404.9±12.0
W → ℓν+jets 94698.6±331.4 30012.8±165.5 23546.0±155.4 211.56±10.4
top 14186.3±50.8 8706.0±39.8 3617.5±25.5 186.4±5.9
Z → ℓℓ+jets 20999.1±233.3 11862.3±159.4 10077.2±154.8 37.2±5.6
Diboson 4044.0±30.3 1886.5±20.5 1120.2±16.0 30.9±2.7
QCD 41840.8±547.4 21666.6±296.6 16649.3±256.4 147.7±14.5
gg → A 210.6±2.3 187.0±2.2 170.3±2.1 61.8±1.3
bb̄A 1859.2±20.9 1633.6±19.6 1556.4±19.1 513.7±10.8
Data 300155 155516 120747 921
Table 12.5: Observed data events and expected event yields for the Standard Model backgrounds
and MSSM Higgs signal with mA = 350 GeV and tanβ = 40 assuming the m
max
h scenario. The
statistical uncertainty is given. Numbers are shown for the high-mass category and electron and
muon channel combined.
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Figure 12.1: The di-tau invariant mass mMMC distribution after all selection criteria in the low-
mass b-veto category, for electron channel (left) and muon channel (right). The yellow band in the
inset indicates the statistical uncertainty, while the orange band shows the systematic uncertainty.
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Figure 12.2: The di-tau invariant mass mMMC distribution after all selection criteria in the low-
mass b-tag category, for electron channel (left) and muon channel (right). The yellow band in the
inset indicates the statistical uncertainty, while the orange band shows the systematic uncertainty.
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Figure 12.3: The di-tau invariant mass mMMC distribution after all selection criteria in the high-
mass category. Electron channel and muon channel are statistically combined. The yellow band
in the inset indicates the statistical uncertainty, while the orange band shows the systematic uncer-
tainty.
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12.2 Statistical Analysis
12.2.1 Synopsis of the Procedure
For purposes of discovering a new signal process, the background-only hypothesis needs to be
tested against the signal hypothesis, which includes both, background and signal. The parameter
of interest is the signal strength, µ , defined such that µ = 0 corresponds to the background-only
hypothesis and µ = 1 corresponds to the nominal signal+background hypothesis. If the number
of signal events is denoted as S and the number of background events as B, the total number of
observed events can be written as N = µS+B. The probability model for obtaining N events in
data can be created by using a likelihood function constructed as the product of Poisson probabil-
ity terms which measure the compatibility of the observed data with a given hypothesis using a
frequentist approach [111, 112]:
L(µ) = P (⃗x|µ) = Pois(N|µS+B)

N
∏
i
µS fS(xi)+B fB(xi)
µS+B

(12.1)
whereas x⃗ is vector of events xi and fS(x) and fB(x) are probability density functions for the signal
and background shapes. Systematic uncertainties are considered in the likelihood as nuisance
parameters, which affect the predicted event yields and are constrained using Gaussian functions.
In this analysis the mMMC distribution is used to construct a binned form of the likelihood function.
To test a hypothesized value of µ we consider the profile likelihood ratio:
λ (µ) =
L(µ, ˆ̂θ)
L(µ̂, θ̂)
(12.2)
where ˆ̂θ in the numerator denotes the value of θ that maximizes L for the specified µ , i.e., it is
the conditional maximum-likelihood (ML) estimator of θ [111]. The denominator is the maxi-
mized (unconditional) likelihood function, i.e., µ̂ and θ̂ are their ML estimators. For convenience
the maximisation problem is transformed into a minimisation problem using the negative-log-
likelihood (NLL) function (also known as extended maximum likelihood fit) [112]:
− lnL(µ) = (µS+B)+ lnN!−
N
∑
i
ln [µS fS(xi)+B fB(xi)] . (12.3)
As seen in Figures 12.1, 12.2 and 12.3 the data are in good agreement with the predicted
background yields. An upper (exclusion) limit on µ can be calculated using the CLs [113] method
and the asymptotic approximation [111]. The test statistic q̃µ is then defined as
q̃µ =

−2ln

L(µ, ˆ̂θ)
L(0, ˆ̂θ)

if µ̂ < 0
−2ln

L(µ, ˆ̂θ)
L(µ̂,θ̂)

if 0 ≤ µ̂ ≤ µ
0 if µ̂ > µ
(12.4)
where L(µ,θ) is the binned likelihood function, µ the signal strength parameter (parameter of
interest), and θ the nuisance parameters. The pair (µ̂, θ̂) are the unconditional maximum like-
lihood estimators, and (x, ˆ̂θ) correspond to a conditional maximum, with µ fixed to the certain
value x [37].
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A discovery significance can be calculated in case a small excess in data compared to the
background-only hypothesis is observed. The test statistic q0 for this approach is defined as
q0 =
 −2ln

L(0, ˆ̂θ)
L(µ̂,θ̂)

if µ̂ ≥ 0
0 if µ̂ < 0
(12.5)
similar to that for the exclusion limit [37, 111]. The p-value, which quantifies the level of agree-
ment of the observed data with the background-only hypothesis µ = 0 is then obtained by
p0 =

∞
q0,obs
f (q0|µ = 0)dq0. (12.6)
12.2.2 Test of the Statistical Analysis Procedure
Effect of Nuisance Parameter on µ̂
The effect on the systematic uncertainties in the analysis is studied and depicted in Figure 12.4
for all three categories. In these figures the ±1σ variation of each nuisance parameter in the fitted
signal strength µ̂ is shown. The fit uses an Asimov Dataset [111]. By definition, if using the
Asimov data set such to evaluate the estimators for all parameters, one obtains the true parameter
values. This way the procedure takes into account all the correlations properly. The nuisance
parameters are ranked according to their effect on µ̂ . The figures show the pre-fit and post-fit
impact on µ̂ for each systematic. The plots are shown for signal mA = 150 GeV, tanβ = 20 for
the low-mass categories and mA = 350 GeV, tanβ = 40 for the high-mass category.
Likelihood Scans
Likelihood scans of the nuisance parameters are useful as a sanity check of the background and
signal fit model implementation. They provide insights into the fit stability and the minimisation
step. For this purpose, again an Asimov dataset is created, where the nuisance parameter to be
checked is left free, but the remaining ones are fixed to their initial values. For each point the
specific nuisance parameter is then fixed to a value, while leaving the others free, and the likelihood
is plotted around the minimum. In Figure 12.5 the negative log-likelihood values (y-axis) versus
the different scan points are shown exemplarily for three different nuisance parameters. The signal
assumption is mA = 150 GeV, tanβ = 10 for the low mass categories and mA = 500 GeV, tanβ =
16 for the high-mass category. The plots show a single minimum, which proves the chosen fit
model implementation is appropriate. Further scans can be found in [86].
Validation using Toys
The signal and background model with the signal normalization left free are fitted to the data.
The fitted values of the nuisance parameters are used as central values for the generation of toys
(pseudo-data). The generated pseudo-data are subsequently fitted to the signal and background
model. Exemplary distributions of fitted values of the nuisance parameters are shown in Fig-
ure 12.6. The same signal assumptions as for the likelihood scans are used. In addition the same
procedure can be used to calculate the correlation matrix between the nuisance parameters. In Fig-
ure 12.7 the matrix is depicted for the b-veto category. A strong correlation between the real τhad
component of the tau energy scale (TES) uncertainty and the uncertainty on the cell energy varia-
tion of the embedding sample is visible. This is because the cell energy deposited by the muon is
replaced by simulated cell energies of tau leptons, but the tau energy calculation run later during
the event reconstruction step is using all calorimeter information available. Another correlation is
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seen between the lepton (which comes from a leptonically decaying tau) identification uncertain-
ties of the embedding sample. The same argument as before applies here but for the electron and
muon reconstruction algorithm. Minor correlation can be seen between the uncertainties on the
Z boson cross-section and its acceptance (Q2). Further pull distributions and correlation matrices
can be found in [86].
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Figure 12.4: The effect of each nuisance parameter on the fitted signal strength µ̂ using the Asimov
dataset. Information about the categories and signal assumptions are given in the plots.
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scan point (x-axis) of a nuisance parameter around its mean value. Shown are the nuisance param-
eter assigned to the b-jet tagging efficiency in the b-tag category (left), electron-to-τhad fake rate
in the b-veto category (center) and real τhad component of the tau energy scale (TES) uncertainty
in the high-mass category (right).
Figure 12.6: Pull distribution of nuisance parameters assigned to the b-jet tagging efficiency in the
b-tag category (left), electron-to-τhad fake rate in the b-veto category (center) and real τ component
of the tau energy scale uncertainty in the high-mass category (right).
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Figure 12.7: Correlation matrix of the nuisance parameters for low-mass b-veto category.
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12.2.3 Exclusion Limits
The results of the analysis presented in this thesis are interpreted in the case of a single Higgs
boson φ , produced either in association with b-quarks or via gluon-fusion and decaying into tau
lepton pairs. The expected and observed 95% confidence level (CL) upper limits on the production
cross section times branching ratio, σ(pp → φ)×BR(φ → ττ) as a function of the boson mass
are calculated, allowing the translation of the upper limits into various benchmark scenarios.
In Figure 12.8 the upper limits on the cross-section are shown for the combination of all
categories: The low-mass b-veto and b-tag categories are used to obtain the limits up to mφ =
200 GeV, while the high-mass selection is used at this point and beyond. Based on this analysis
the excluded σ(pp→ φ)×BR(φ → ττ) range goes from 10 pb to 19 fb for b-associated production
and from 20 pb to 18 fb for gluon-fusion in the mass range between 90 GeV and 1 TeV. A zoom
into the low-mass region with an extension up to mφ = 300 GeV is shown in Figure 12.9.
Furthermore, exclusion limits on the MSSM parameter space were obtained by calculation of
the excluded signal strength at 95% CL for various points in the mA-tanβplane. The expected and
observed 95% confidence level (CL) upper limits assuming the MSSM mmaxh benchmark scenario
is shown in Figure 12.10 using the same analysis selection, but with a slightly revised systematic
uncertainty approach done for the publication of [37]. The lowest local p-value for the τlepτhad
channel is 0.1 translating into 1.3σ at mφ = 90 GeV.
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Figure 12.8: Expected (dashed line) and observed (solid line) 95% CL upper limits on produc-
tion cross-section times the branching fraction into τ pairs for a neutral Higgs bosons produced in
association with b-quarks (left) and via gluon-fusion (right). The vertical dashed line at 200 GeV
indicate the transition point between low- and high-mass categories used to obtain these limits.
±1/±2σ uncertainties on the expected limit are marked by the green and yellow bands, respec-
tively.
12.2.4 Status of MSSM Higgs Boson searches with
√
s = 8 TeV
The results of the search for neutral MSSM Higgs bosons using pp collision data at
√
s = 8 TeV
with the ATLAS detector are published in [37]. Beside the τlepτhad search channel documented
in this thesis, two other di-tau final states are explored: a full leptonic channel, τeτµ and the
full hadronic channel, τhadτhad. Each of the channels are optimized to address a specific Higgs
boson mass range. The τeτµ channel and the low-mass τlepτhad are used for the range 90 GeV ≤
mA < 200 GeV, while the τlepτhad high-mass channel and the τhadτhad channel are used for mA ≥
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Figure 12.9: Zoom into the low-mass category: Expected (dashed line) and observed (solid line)
95% CL upper limits on production cross-section times the branching fraction into τ pairs for a
neutral Higgs bosons produced in association with b-quarks (left) and via gluon-fusion (right). In
contrast to Figure 12.8 the low-mass category is shown up to mφ = 300 GeV. ±1/± 2σ uncer-
tainties on the expected limit are marked by the green and yellow bands, respectively.
200 GeV. In Figure 12.11 the expected and observed 95% CL upper limits on production cross-
section are shown for the combination of all channels. Compared to previous searches at
√
s =
7 TeV (see Section 3.2) new upper limits are set and the mass range is extended up to 1 TeV. The
excluded σ(pp → φ)×BR(φ → ττ) range from 6.4 pb to 7.2 fb for b-associated production and
from 29 pb to 7.4 fb for gluon-fusion covering the mass range between 90 GeV and 1 TeV. The
lowest local p-value for the combination is 0.20 (0.8σ ) at mφ = 200 GeV.
The results are interpreted in various MSSM benchmark scenarios, like mmaxh and m
mod±
h . The
upper limits in the mA-tanβ plane for the m
max
h scenario are shown in Figure 12.12. In case the
Higgs boson with a mass of about 125 GeV discovered at the LHC is assumed to be the light CP-
even boson of the MSSM, the range mA < 160 GeV is excluded for all tanβ values. In addition
the entire mA range is excluded for tanβ < 4 and tanβ > 10 leaving not much space for a Higgs
bosons in this specific scenario. The interpretation in the mmod±h scenarios relax the excluded space
only slightly (mA < 200 GeV for all tanβ ; tanβ < 5.5 for entire mA-range), but leaving the high
tanβ -range still open.
The CMS collaboration performed a similar search in the ττ final state, using the τeτµ , τµτµ ,
τlepτhad, τhadτhad channels [53]. In Figure 12.12 the upper limits in the mA-tanβ plane for the
mmaxh scenario are depicted and comparable results to ATLAS are achieved. As can be seen,
both experiments find no evidence for an excess in the di-tau search channels over the expected
background and set tight constraints in the MSSM parameter space, particularly for the mmaxh
scenario.
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max
h scenario of the MSSM. Values of tanβ above the lines
are excluded. The vertical dashed line at mA = 200 GeV indicates the transition point between
low- and high-mass categories used to obtain these limits [37, 114].
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Chapter 13
Summary and Outlook
In this thesis a search for the neutral Higgs bosons of the Minimal Supersymmetric Standard Model
decaying into a pair of tau leptons, with one tau decaying leptonically and the other hadronically,
has been presented. This work is part of the final ATLAS results of searching for neutral MSSM
Higgs bosons using
√
s = 8 TeV data [37]. For the presented search the full Run-I 8 TeV dataset of
proton-proton collisions recorded by the ATLAS detector in 2012 at the LHC with an integrated
luminosity of 20.3fb−1 was used.
The analysis was optimized and performed in three categories to increase the sensitivity re-
garding the mass of the Higgs bosons and the Higgs production modes, gluon-fusion and b-
associated production, respectively. The low-mass category focuses on searches for Higgs bosons
with mA < 200 GeV and is divided into a b-veto and a b-tag category, depending on the absence
or presence of identified b-quark jets to address the two production modes. The third category fo-
cuses on the high-mass sector with 200 GeV ≤ mA ≤ 1000 TeV. Various processes may produce
signatures similar to that of Higgs boson signal events. The signature of these background pro-
cesses contain a light lepton and a hadronically decaying tau lepton, comparable missing energy
caused by the neutrinos from the tau decay and at least one b-jet in case of b-associated Higgs
production search. In some cases the tau lepton is real, in other cases it is faked by the misidentifi-
cation of jets or leptons. The dominant backgrounds were estimated by using data-driven methods.
The QCD multi-jet background was estimated directly from data with a two-dimensional sideband
method based on light lepton isolation and the charge correlation between the light lepton and the
tau. The prediction of the irreducible Z/γ(∗) → ττ+jets background was done by using a special
set of Z → µµ data events, where the muons are replaced by simulated tau leptons. The remaining
background is dominated by W → ℓν+jets events and top production, like tt̄ and single top, and
to a lesser extent Z/γ(∗) → ee/µµ+jets, where the tau lepton is faked by an associated jet. These
backgrounds are estimated by calculation of scale factors between simulation and data in signal
free control regions, each optimized to enhance the background in question. Other backgrounds
like diboson processes are taken from simulation.
When comparing the predictions of these Standard Model backgrounds to the observed data,
no significant deviation was observed and therefore no evidences of new Higgs bosons were found.
Thus, exclusion limits on the cross-section times branching ratio σ(pp → φ)×BR(φ → ττ) for a
scalar boson produced in either of the two production mechanisms, gluon-fusion or b-associated
production, have been derived. The excluded σ(pp → φ)×BR(φ → ττ) range from 6.4 pb to
7.2 fb for b-associated production and from 29 pb to 7.4 fb for gluon-fusion covering the mass
range between 90 GeV and 1 TeV. The results were also interpreted in various MSSM benchmark
scenarios like mmaxh or m
mod±
h and limits on the parameter tanβ as a function of the pseudoscalar
mass mA were set. In case the Higgs boson with a mass of about 125 GeV discovered at the LHC is
assumed to be the light CP-even boson of the MSSM, the range mA < 160 GeV is excluded for all
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tanβ values. In addition the entire mA range is excluded for tanβ < 4 and tanβ > 10 leaving not
much space for a Higgs bosons in this specific scenario. The interpretation in the mmod±h scenarios
relax the excluded space only slightly (mA < 200 GeV for all tanβ ; tanβ < 5.5 for entire mA-
range), but leaving the high tanβ -range still open. Compared to previous ATLAS searches at√
s = 7 TeV [50] significant improvements were achieved, new upper limits were set and the mass
range was extended up to 1 TeV. The CMS collaboration performed a similar search [53] in the
di-tau final state and concluded with comparable results to ATLAS as presented in this thesis.
Since the completion of the presented work, the LHC Run-II with collisions at centre-of-mass√
s = 13 TeV has been started and 35fb−1 of data were already collected by ATLAS, exceeding
the amount used in this analysis. Early analyses [115] using the first 3.2fb−1 of the 13 TeV data
and focusing on the high-mass regime extends the limits of the previous ATLAS searches for the
mass range mA > 500 GeV. But still no evidence for heavy neutral Higgs bosons could be found.
With the ongoing Run-II and an expected 150fb−1 of integrated luminosity until end of 2018
and furthermore – in the long term – with
√
s = 14 TeV and 3000fb−1 expected until 2035 when
realizing the High-Luminosity LHC concept [116], the remaining regions of the MSSM parameter
space will be further deeply constrained [117] or even be closed.
Measurements at the LHC, at future higher energy colliders and at low-energy precision ex-
periments will further explore particle physics beyond the Standard Model and will clarify if su-
persymmetry is realized in nature.
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Appendix A
Event Selection Distributions
Exemplary distribution of chosen variables after applying the event cleaning and pre-selection
cuts, the lepton (e/µ) isolation requirement and the opposite-sign of the selected lepton and tau
requirement. Events with a zero or negative MMC mass are neglected. The yellow band indicate
the statistical uncertainty only. Details about the event selection and the background prediction
can be found in the main text in Chapter 9 and Chapter 10.
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A.1 Kinematics of the Selected Electron
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Figure A.1: Kinematics of the selected electron after applying event cleaning cuts, pre-selection
cuts, the electron isolation and the opposite sign (e-τ) requirement. Shown are the transverse
momentum pT (with normal and logarithmic y-axis scale), η , φ and the charge of the selected
electron.
96
A.2. KINEMATICS OF THE SELECTED MUON
A.2 Kinematics of the Selected Muon
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Figure A.2: Kinematics of the selected muon after applying event cleaning cuts, pre-selection cuts,
the muon isolation and the opposite sign (µ-τ) requirement. Shown are the transverse momentum
pT (with normal and logarithmic y-axis scale), η , φ and the charge of the selected muon.
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A.3 Kinematics of the Selected Tau Lepton
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Figure A.3: Kinematics of the selected tau lepton after applying event cleaning cuts, pre-selection
cuts, the lepton (e/µ) isolation and the opposite sign (lep-τ) requirement. Shown are the transverse
momentum pT (with normal and logarithmic y-axis scale), η , φ and the charge as well as the
number of tracks of the selected tau. In these plots the electron and muon channel are combined.
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A.4 Jet Variables
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Figure A.4: Distributions of jet variables after applying event cleaning cuts, pre-selection cuts,
the lepton (e/µ) isolation and the opposite sign (lep-τ) requirement. Shown are the transverse
momentum pT (with normal and logarithmic y-axis scale) distribution, the number of jets in the
event and the b-tagging score MV1. In these plots the electron and muon channel are combined.
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A.5 Other Variables
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Figure A.5: For description see next page.
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Figure A.5: (cont.) Exemplary distributions for electron channel (left) and muon channel (right)
after applying event cleaning cuts, pre-selection cuts, the lepton (e/µ) isolation and the opposite
sign (lep-τ) requirement. Shown are the missing transverse energy EmissT (a, b), ∑∆φ (c, d), trans-
verse mass mT (e, f), visible mass (g, h) mvis and the MMC mass mMMC (i, j).
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Appendix B
Distributions QCD Multi-jet Estimation
As described in Section 10.1, the QCD multi-jet background was estimated using a ABCD method.
Four regions where defined (see Table 10.1) based on the charge correlation between the τhad
and the lepton (opposite-sign charge vs. same-sign charge), and the isolation requirement on the
lepton (isolated lepton versus anti-isolated lepton). The following distributions show the data and
Monte Carlo simulated non-QCD processes in these regions. Normalization to data for W , top and
Z → ℓℓ samples were already applied. For the Z → ττ content the embedded sample was used and
normalized to simulation as outlined in Chapter 10.
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Figure B.1: Data and non-QCD background processes in the regions B, C and D to estimate the
QCD multi-jet content as part of the ABCD method in the low-mass b-veto electron channel.
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Figure B.2: Data and non-QCD background processes in the regions B, C and D to estimate the
QCD multi-jet content as part of the ABCD method in the low-mass b-veto muon channel.
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Figure B.3: Data and non-QCD background processes in the regions B, C and D to estimate the
QCD multi-jet content as part of the ABCD method in the low-mass b-tag electron channel.
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Figure B.4: Data and non-QCD background processes in the regions B, C and D to estimate the
QCD multi-jet content as part of the ABCD method in the low-mass b-tag muon channel.
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Figure B.5: Data and non-QCD background processes in the regions B, C and D to estimate the
QCD multi-jet content as part of the ABCD method in the high-mass category, with electron and
muon channel combined.
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Appendix C
Contamination of tt̄ Events in the
Embedded Samples
In this analysis the Z → ττ background is estimated using a τ-embedded Z → µµ hybrid sample.
As described in Section 10.2 a study was performed to estimate the contamination of events from
tt̄ pair production that decay through tt̄ → WWbb → µµννbb in these embedded sample. The
embedded sample selection criteria were applied and the efficiency of the hadronic tau identifica-
tion was taken into account. The analysis selection criteria were applied and the contamination
revealed in each of the analysis categories and channels. The number of tt̄ events was scaled to the
sample integrated luminosity using the theoretical tt̄ production cross section of 252.89 pb mul-
tiplied with the branching ratio BR(tt̄ → WWbb → µµννbb)=0.012 and the efficiency 0.517 of
tt̄ →WW → µµ events to pass embedding selection cuts. In Figure C.1 distributions of the tt̄ con-
tamination in the embedded samples are shown. While for the b-veto channel the contamination
is found negligible, it is taken into account as systematic uncertainty by assuming an additional
50% uncertainty for mMMC > 135 GeV in the tag-category. For the high-mass category a stronger
mass dependency can be seen and due to this the contamination is subtracted from the data and an
uncertainty of the same size is applied [37].
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Figure C.1: Comparison of the Z → ττ embedding samples with their contamination from tt̄ →
WWbb → µµννbb events as predicted from simulation for the low-mass b-veto (a,b) and b-tag
(c,d) and high-mass (e) category as a function of the invariant di-tau mMMC mass. The left plot
shows the electron channel and the right plot shows the muon channel, while for high-mass both
channels are combined. The low-mass distributions are presented with a logarithmic y-axis. The
ratio of tt̄ to embedded events is shown in the insets.
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Appendix D
Listing of the Monte Carlo Simulated
Samples
The Monte Carlo simulated samples used in the presented analysis are listed in this chapter. The
tables contain the name of the process, the dataset ID (which each sample can be identified within
ATLAS), cross-section times branching ratio (σ ×BR) or number of generated MC events, re-
spectively. If the sample was generated with LO cross-section prediction, but higher order cross-
sections (e.g. NLO, NNLO) are known, a k-factor is given. For samples filtered at generator level
to select a specific process the filter efficiency εfilter is listed in the table. In addition the generator
used for production is mentioned. In case two generators are named, the first one was used to
provides the 4-vectors, while the second one was used to model QCD showers and hadronisation.
The effective Luminosity is calculated by Le f f = NMC/(σ ×BR×k− factor× εfilter).
D.1 BSM Higgs Signal MC Samples
The samples to model the φ → τlepτhad MSSM Higgs signal for the b-associated production and
the gluon-gluon fusion process are listed in Table D.1 and Table D.2. Because the production
cross-section depends on tanβ , the number of simulated events is given. The k-factor and filter
efficiency are equal to one.
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Process Dataset ID NMC Generator
bbφ , MA = 90 GeV 109915 140000 Sherpa
bbφ , MA = 100 GeV 109911 149999 Sherpa
bbφ , MA = 110 GeV 109916 50000 Sherpa
bbφ , MA = 120 GeV 109910 50000 Sherpa
bbφ , MA = 125 GeV 146703 45000 Sherpa
bbφ , MA = 130 GeV 109917 49999 Sherpa
bbφ , MA = 140 GeV 109918 50000 Sherpa
bbφ , MA = 150 GeV 109912 40000 Sherpa
bbφ , MA = 170 GeV 109919 45000 Sherpa
bbφ , MA = 200 GeV 109913 50000 Sherpa
bbφ , MA = 250 GeV 116140 50000 Sherpa
bbφ , MA = 300 GeV 109914 44999 Sherpa
bbφ , MA = 350 GeV 125556 45000 Sherpa
bbφ , MA = 400 GeV 125557 50000 Sherpa
bbφ , MA = 450 GeV 125558 49999 Sherpa
bbφ , MA = 500 GeV 125559 50000 Sherpa
bbφ , MA = 600 GeV 125560 50000 Sherpa
bbφ , MA = 700 GeV 146723 49998 Sherpa
bbφ , MA = 800 GeV 146724 50000 Sherpa
bbφ , MA = 900 GeV 146730 50000 Sherpa
bbφ , MA = 1000 GeV 181787 50000 Sherpa
Table D.1: b-associated MSSM Higgs Boson production signal Monte Carlo samples
Process Dataset ID NMC Generator
ggφ , MA = 90 GeV 146630 150000 Powheg+Pythia
ggφ , MA = 100 GeV 146631 149999 Powheg+Pythia
ggφ , MA = 110 GeV 146632 50000 Powheg+Pythia
ggφ , MA = 120 GeV 146633 50000 Powheg+Pythia
ggφ , MA = 125 GeV 146634 50000 Powheg+Pythia
ggφ , MA = 130 GeV 146635 50000 Powheg+Pythia
ggφ , MA = 140 GeV 146636 49999 Powheg+Pythia
ggφ , MA = 150 GeV 146637 49999 Powheg+Pythia
ggφ , MA = 170 GeV 146638 49999 Powheg+Pythia
ggφ , MA = 200 GeV 146639 50000 Powheg+Pythia
ggφ , MA = 250 GeV 146640 50000 Powheg+Pythia
ggφ , MA = 300 GeV 146641 50000 Powheg+Pythia
ggφ , MA = 350 GeV 146642 50000 Powheg+Pythia
ggφ , MA = 400 GeV 146643 50000 Powheg+Pythia
ggφ , MA = 450 GeV 146644 49999 Powheg+Pythia
ggφ , MA = 500 GeV 146645 50000 Powheg+Pythia
ggφ , MA = 600 GeV 146646 49999 Powheg+Pythia
ggφ , MA = 700 GeV 146647 49999 Powheg+Pythia
ggφ , MA = 800 GeV 146648 49999 Powheg+Pythia
ggφ , MA = 900 GeV 146630 49999 Powheg+Pythia
ggφ , MA = 1000 GeV 181785 49999 Powheg+Pythia
Table D.2: Gluon-gluon fusion MSSM Higgs Boson production signal Monte Carlo samples
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D.2 Background MC Samples
The MC samples to model the various backgrounds are summarized in Table D.3 to Table D.6.
This includes Z/γ(∗) → ll+jets, W → ℓν+jets, tt̄ and single-top, and di-boson productions. The
generation of some background processes are split up according the number of additional partons
(that forms the corresponding jets). These samples are marked with NpX in the name, with X
referring to the number of partons. The sample with the highest X-digit is inclusive, means, it
contains also number of partons above X.
Process Dataset ID σ ×BR k-factor εfilter Le f f Generator
in pb in fb−1
W → eν Np0 147025 8136.80 1.15 1 1.01 Alpgen+Pythia
W → eν Np1 147026 1791.50 1.15 1 12.76 Alpgen+Pythia
W → eν Np2 147027 541.60 1.15 1 28.21 Alpgen+Pythia
W → eν Np3 147028 146.65 1.15 1 29.56 Alpgen+Pythia
W → eν Np4 147029 37.30 1.15 1 59.54 Alpgen+Pythia
W → eν Np5 147030 11.37 1.15 1 61.13 Alpgen+Pythia
W → µν Np0 147033 8133.40 1.15 1 1.28 Alpgen+Pythia
W → µν Np1 147034 1792.70 1.15 1 12.75 Alpgen+Pythia
W → µν Np2 147035 541.27 1.15 1 28.29 Alpgen+Pythia
W → µν Np3 147036 146.49 1.15 1 29.60 Alpgen+Pythia
W → µν Np4 147037 37.33 1.15 1 59.55 Alpgen+Pythia
W → µν Np5 147038 11.41 1.15 1 60.86 Alpgen+Pythia
W → τν Np0 147041 8135.70 1.15 1 1.28 Alpgen+Pythia
W → τν Np1 147042 1793.70 1.15 1 12.75 Alpgen+Pythia
W → τν Np2 147043 541.24 1.15 1 28.28 Alpgen+Pythia
W → τν Np3 147044 146.48 1.15 1 29.61 Alpgen+Pythia
W → τν Np4 147045 37.26 1.15 1 59.70 Alpgen+Pythia
W → τν Np5 147046 11.54 1.15 1 60.23 Alpgen+Pythia
Table D.3: W+jets Monte Carlo samples
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Process Dataset ID σ ×BR k-factor εfilter Le f f Generator
in pb in fb−1
Z/γ(∗) → ee Np0 147105 718.97 1.18 1 7.42 Alpgen+Pythia
Z/γ(∗) → ee Np1 147106 175.70 1.18 1 39.55 Alpgen+Pythia
Z/γ(∗) → ee Np2 147107 58.88 1.18 1 45.72 Alpgen+Pythia
Z/γ(∗) → ee Np3 147108 15.64 1.18 1 48.51 Alpgen+Pythia
Z/γ(∗) → ee Np4 147109 4.01 1.18 1 84.20 Alpgen+Pythia
Z/γ(∗) → ee Np5 147110 1.26 1.18 1 154.59 Alpgen+Pythia
Z/γ(∗) → µµ Np0 147113 719.16 1.18 1 7.42 Alpgen+Pythia
Z/γ(∗) → µµ Np1 147114 175.74 1.18 1 39.53 Alpgen+Pythia
Z/γ(∗) → µµ Np2 147115 58.88 1.18 1 45.70 Alpgen+Pythia
Z/γ(∗) → µµ Np3 147116 15.67 1.18 1 48.38 Alpgen+Pythia
Z/γ(∗) → µµ Np4 147117 4.01 1.18 1 84.24 Alpgen+Pythia
Z/γ(∗) → µµ Np5 147118 1.25 1.18 1 154.84 Alpgen+Pythia
Z/γ(∗) → ττ Np0 147121 719.18 1.18 1 7.42 Alpgen+Pythia
Z/γ(∗) → ττ Np1 147122 175.72 1.18 1 39.55 Alpgen+Pythia
Z/γ(∗) → ττ Np2 147123 58.86 1.18 1 45.71 Alpgen+Pythia
Z/γ(∗) → ττ Np3 147124 15.66 1.18 1 48.42 Alpgen+Pythia
Z/γ(∗) → ττ Np4 147125 4.01 1.18 1 84.24 Alpgen+Pythia
Z/γ(∗) → ττ Np5 147126 1.26 1.18 1 155.05 Alpgen+Pythia
Low-mass drell-yan samples (10 GeV < mll < 60 GeV)
Z/γ(∗) → ee Np0 146830 3477.20 1.19 1 0.24 Alpgen+Jimmy
Z/γ(∗) → ee Np1 146831 108.80 1.19 1 2.32 Alpgen+Jimmy
Z/γ(∗) → ee Np2 146832 52.77 1.19 1 7.48 Alpgen+Jimmy
Z/γ(∗) → ee Np3 146833 11.30 1.19 1 10.75 Alpgen+Jimmy
Z/γ(∗) → ee Np4 146834 2.58 1.19 1 11.81 Alpgen+Jimmy
Z/γ(∗) → ee Np5 146835 0.69 1.19 1 96.59 Alpgen+Jimmy
Z/γ(∗) → µµ Np0 146840 3477.10 1.19 1 0.24 Alpgen+Jimmy
Z/γ(∗) → µµ Np1 146841 108.75 1.19 1 2.32 Alpgen+Jimmy
Z/γ(∗) → µµ Np2 146842 52.74 1.19 1 7.49 Alpgen+Jimmy
Z/γ(∗) → µµ Np3 146843 11.24 1.19 1 10.80 Alpgen+Jimmy
Z/γ(∗) → µµ Np4 146844 2.60 1.19 1 11.73 Alpgen+Jimmy
Z/γ(∗) → µµ Np5 146845 0.69 1.19 1 96.60 Alpgen+Jimmy
Z/γ(∗) → ττ Np0 146850 3477.10 1.19 1 0.24 Alpgen+Jimmy
Z/γ(∗) → ττ Np1 146851 108.74 1.19 1 2.32 Alpgen+Jimmy
Z/γ(∗) → ττ Np2 146852 52.73 1.19 1 7.49 Alpgen+Jimmy
Z/γ(∗) → ττ Np3 146853 11.33 1.19 1 10.71 Alpgen+Jimmy
Z/γ(∗) → ττ Np4 146854 2.59 1.19 1 118.69 Alpgen+Jimmy
Z/γ(∗) → ττ Np5 146855 0.69 1.19 1 96.98 Alpgen+Jimmy
Table D.4: Z+jets Monte Carlo samples
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Process Dataset ID σ ×BR k-factor εfilter Le f f Generator
in pb in fb−1
tt̄ fully hadronic decay 105204 252.89 1 0.457 10.38 MC@NLO+Jimmy
tt̄ no fully hadronic decay 117050 252.89 1 0.543 109.23 Powheg+Pythia
single top production
Wt-channel 108346 22.37 1 1 223.36 MC@NLO+Jimmy
s-channel W → eν 108343 0.61 1 1 330.03 MC@NLO+Jimmy
s-channel W → µν 108344 0.61 1 1 330.03 MC@NLO+Jimmy
s-channel W → τν 108345 0.61 1 1 330.03 MC@NLO+Jimmy
t-channel W → eν 117360 9.48 1 1 31.63 AcerMC+Pythia
t-channel W → µν 117361 9.48 1 1 31.65 AcerMC+Pythia
t-channel W → τν 117362 9.48 1 1 30.96 AcerMC+Pythia
Table D.5: tt̄ and single top-quark Monte Carlo samples
Process Dataset ID σ ×BR k-factor εfilter Le f f Generator
in pb in fb−1
WZ inclusive 105987 22.25 1 0.31 147.08 Herwig
ZZ inclusive 105986 7.33 1 0.21 158.03 Herwig
WW → lν lν Np0 107100 2.50 1.21 1 84.40 Alpgen+Jimmy
WW → lν lν Np1 107101 1.25 1.21 1 82.70 Alpgen+Jimmy
WW → lν lν Np2 107102 0.60 1.21 1 83.76 Alpgen+Jimmy
WW → lν lν Np3 107103 0.33 1.21 1 88.05 Alpgen+Jimmy
WW → qqlν Np0 110829 9.98 1.26 1 79.11 Alpgen+Jimmy
WW → qqlν Np1 110830 5.01 1.26 1 78.33 Alpgen+Jimmy
WW → qqlν Np2 110831 2.37 1.26 1 78.83 Alpgen+Jimmy
WW → qqlν Np3 110832 1.31 1.26 1 78.53 Alpgen+Jimmy
WW–production via gluon-gluon fusion
WW → eνeν 169471 0.02 1 1 42.16 ·103 gg2ww+Jimmy
WW → eνµν 169472 0.02 1 1 47.83 ·103 gg2ww+Jimmy
WW → eντν 169473 0.02 1 1 47.83 ·103 gg2ww+Jimmy
WW → µνµν 169474 0.02 1 1 42.16 ·103 gg2ww+Jimmy
WW → µν eν 169475 0.02 1 1 47.83 ·103 gg2ww+Jimmy
WW → µντν 169476 0.02 1 1 47.83 ·103 gg2ww+Jimmy
WW → τντν 169477 0.02 1 1 42.16 ·103 gg2ww+Jimmy
WW → τνeν 169478 0.02 1 1 47.83 ·103 gg2ww+Jimmy
WW → τνµν 169479 0.02 1 1 47.183 ·103 gg2ww+Jimmy
Table D.6: Di-boson Monte Carlo samples
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Es haben keine früheren, erfolglosen Promotionsverfahren stattgefunden.
Hiermit erkenne ich die Promotionsordnung der Fakultät Mathematik und Naturwissen-
schaften der Technischen Universität Dresden vom 23.02.2011 an.
Dresden, 19.06.2017
Felix Friedrich, Diplom-Physiker
